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SYNOPSIS
The anodio oxidation of niobium has been studied in a variety 
of electrolytes at temperatures of 20° and 90°C under conditions of 
constant current density. Although thin films exhibiting interference 
colours are produced in all electrolytes studied, it has been established 
that with weak electrolytes (e. g; acetic acid) the film thickens with 
continued passage of charge resulting in the formation of a thick grey 
absorbing coating.
i+
The ionic efficiency, /i +i has been studied by gravimetric
methods and also determinations have been made of the Y/t (i constant)
1
and *£r/t (i constant) relationships. As acetic acid gave a higher 
efficiency than other electrolytes, studies have been largely confined 
to this electrolyte.
A characteristic of Y/t relationship of niobium in acetic acid 
is the change in slope of the curve at 20-30Y and the formation of 
a pronounced plateau at 70-90Y. It has been established by x-ray 
and electron diffraction and electron microscopy that although the 
oxide surface is amorphous below the plateau it crystallises at the 
plateau. The phenomenon is considered to be an example of field 
crystallisation where an amorphous oxide can crystallise when subjected 
to a high electric field; this phenomenon was first observed for 
tantalum.
The change in the slope at 20-30Y may be significant and may
indicate a change in the chemical or physical nature of the amorphous 
oxide.
The plateau has been discussed and is considered to be due to 
field crystallisation which commences at the metal/oxide interface, 
the amorphous Nb^ O,- being transformed to the crystalline state with 
consequent rupture of the overlying amorphous oxide.
A comparison has been made between the results obtained in 
the present work and the results obtained by other workers on the 
high temperature oxidation of niobium.
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1* INTRODUCTION
Niobium metal like titanium has a severe tendency to gall and 
seize during cold drawing and forming operations. Since this restricts 
its utility and also causes some difficulty in fabrication, considerable 
effort has been directed towards the development of surface treatments 
that would eliminate or reduce galling.
The various methods of surface treatments commonly adopted 
are phosphating, chemical deposition of metal, electroplating, anodic oxidation 
and various diffusion processes (l»2).
Recent work by Jefferysand Miller (l) has shown that anodic 
oxidation of titanium and its alloys produces an oxide surface which 
retains lubricants effectively and reduces galling in forming operations 
and applications involving metal/metal contact. Further, the result of 
their work shows that thin oxide films are of limited -value. This suggests 
that the problem of galling in niobium metal could probably be overcome 
by forming a thick porous anodic oxide film.
Earlier work on aluminium(3»4) has shown that the formation of 
anodic oxide films can occur in various electrolytes under a wide variety 
of conditions and that these oxides exhibit different characteristics and 
behaviour. The anodic coatings on aluminium have generally been classified 
(5) according to the solvent action of the electrolyte. With electrolytes 
that possess little or no ability to dissolve the oxide, the coatings
obtained are thin and non-porous. With electrolytes that possess
appreciable solvent action, thick porous coatings are produced. The
pores formed in the oxide are wide enough to allow access of the 
electrolyte to the thin "barrier'1 film on the surface of the metal.
Film growth continues therefore, but reaches a limiting thickness when
the rate of film growth equals the rate of dissolution of the oxide by
the electrolyte. The maximum film thickness varies with the nature of
the electrolyte and operating conditions. The temperature of the
electrolyte affects the dissolution velocity and very thick films can
be obtained in sulphuric acid at low temperatures.
Aluminium appears to be unique in this respect and the porous 
oxide films obtained on anodising are undoubtedly related to the 
solubility of aluminium oxide in acids* The mechanism of this process 
will be considered in more detail subsequently.
This mechanism suggests, however, that metals which form 
refractory anodic oxides are not likely to form porous oxide films 
readily. In this connection it should be observed that metals like 
titanium, tantalum and niobium form homogeneous dielectric films in 
the majority of electrolytes which give porous film with aluminium.
A1theugh thick porous oxide films have been used commercially 
for many years, for decorative and protective purposes their importance 
as a means of avoiding galling in metal working operations has been
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appreciated only recently.
The purpose of the present investigation was to study anodic 
oxidation of niobium in a variety of electrolytes. Previous studies on 
niobium have been confined to the thin dielectric films which have been 
obtained in electrolytes such as sodium sulphate.
It was considered of interest to study the nature of films 
produced by prolonged electrolysis in electrolytes such as inorganic 
or organic acids.
1.1 Properties and Chemistry of Niobium
The increasing interest in the metal niobium arises from its 
possible use as a canning material for uranium fuel elements in nuclear 
reactors and also in jet engines for turbine blades. In the past niobium 
metal ?;as chiefly used as a carbide forming addition to austenitic 
stainless steels and creep resisting alloys.
The pure ductile metal was first isolated by Balke (6) in 1929* 
who prepared the pure double fluoride, K^NbOP^ H^ O, and deposited the 
metal by electrolysis of a fused melt containing this salt* The fine 
powder obtained was then sintered to give a ductile metal capable of 
being formed into bars, sheet, rod and wire.
Niobium belongs to group VA of the periodic table. It has a
b.c.c. structure at all temperatures up to its melting point of 2415 
- 15°C (7)* Iis compounds are in general, non basic in character and
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it is characterised by the acid properties of. its most stable oxide,
NbnO_, and the volatility and non-polar properties of its halides. In 
£ 5
its lower valency state it exhibits basic properties. As a metal it has
the characteristic refractory properties of the elements that are its
neighbours in the periodic table. Also like its neighbours it is a
reactive metal which combines readily with oxygen, hydrogen and nitrogen
oat temperature above 250 C. The kinetics of the reactions with these 
gases have been studied by Gulbransen and Andrews (8). The reaction
o
with oxygen obeys a parabolic law for the temperature range 250 - 450 C, 
whils/t at higher temperatures oxidation occurs according to a linear law, 
Seybolt (9) has shown that oxygen is soluble in niobium to the extent of 
0.8^;an increase in the oxygen content is accompanied by an increase in 
hardness and lattice parameter.
Corrosion by acid and aqueous media.
Niobium possesses excellent corrosion resistant properties in 
most acid and aqueous media (l0)y owing to the existence of a thin oxide 
layer which protects the underlying metal from attack and renders it 
passive under most conditions. Only under conditions, where the passivity 
is destroyed by the breakdown of this oxide film, does niobium corrode.
In its resistance to acids and severely corrosive environments, niobium 
is probably superior to most other reactive metals with the exception of 
tantalum. Solutions containing fluoride ions easily attack niobium,
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Table 1.1
Acid corrosion resistance of niobium
Solutions Temperature Test period 
(days) j
Corrosion 
. rate ipy
HC1 18io 19-26 36 0.00000
HC1 cone 19-26 54 0.00012
HC1 cone 110 7 0.004a
HNO, cone 
5
19-26 36 0.00000
IimOy 2HC1 19-26 35 0.00002
IHNO-, 5 2HC1 50-60 1 0.001
HnSO. cone2 4 19-26 36 0.00002
H2S04 20^ 95-100 4 0.00002
®2^°4 conc 145 30 0.18b
H,P0 85 io
3 4
19-26 36 0.00002
FeCl^  10$ 19-26 36 0.00000
........ „mJ
a, tarnished
b, became brittle
probably with formation of complex fluorides* The corrosion resistance 
in alkalis has not been investigated so thoroughly, but Fontana (10) 
found that 5 sodium hydroxide at 100°C dissolved the metal at the 
rate of 0,02 ipy. The metal is probably attacked by caustic alkalis 
to give solutions containing the niobate ions. Table 1,1 shows the 
corrosion resistance of niobium in various acids (ll).
Oxides of niobium
Three oxides of niobium NbO, Nb0o and FfcuO.- have been reported
2 2 b
by Brauer (12).
3? bQ
This is black in colour and has a cubic structure (12) and 
may be prepared by hydrogen reduction of a higher oxide at 250°C, 
or by magnesium reduction of the oxy halide. Corresponding salts 
are not known.
Nb02
This is also black in colour and has a tetragonal rutile 
type structure (13). It may be prepared by the reduction of pentoxide 
with hydrogen at higher temperatures. It is sometimes obtained as 
one of the cathodic products when fused oxyfluoroniobate is 
electrolysed for the production of niobium. It is insoluble in most 
reagents including hydrofluoric acid. When ignited in air the black 
oxide is converted into white pentoxide.
This is pure white powder which becomes yellowish white at 
high temperature in air. It is formed by the ignition of the metal, 
the lower oxide and the nitride or the carbide in air or oxygen and 
it is frequently prepared by the strong ignition of niobic acid. It is 
insoluble in acids with the exception of hydrofluoric acid. It is 
readily dissolved by fused potassium hydrogen sulphate or carbonates 
or hydroxides of alkali metals. Brauer (12) described three crystalline 
forms of this oxide but did not determine their structure, a -Nb20,_ 
is said to have an orthorhombic structure* The transformation of these 
three oxides have been reported to occur at approximately 900°C 
and 1100°C.
1.2 Nature of anodic process
When a current is passed through an electrolyte anions migrate 
to the anode and dischargewith the loss of one or more electrons. The 
result of the reaction depends on a number of factors, particularly 
the nature of electrolyte, the consequent reaction products which are 
formed, and the operating conditions such as current density, forming 
voltage, bath temperature and .time.
All anodic reactions involving a metal and aqueous solution 
(in the absence of complex-forming or precipitating anions other than 
hydro3jyl) follow one or other of the following general overfall processes
-  8 -
M MZ + + Zeaq (1)
(2)
(3)
M + Z H20 }M{OH) + ZH+ + Ze
zsolid
M + ZOH ^ M (OH) + Ze
zsolid
It should he observed that oxides rather than hydroxides are
formed during anodic process involving metals such as Nb Ti, or - Ta.
The nature of the oxide (electrical, mechanical and chemical
properties) films will determine the subsequent course of electrode 
process. If the oxide is a good electronic conductor and if the anode 
potential is allowed to rise, so that anodic oxidation of electrolyte 
material (e.g. hydroxyl ions or water molecules to oxygen) at the 
film/solution interface becomes possible, this process may account for 
practically all the charge passing and metal is anodically passivated.
If the film is very poor electronic conductor, or if no electron producing 
discharge process is possible at the film /solution interface, in this case 
more metal is changed into compound, anodic oxidation or film growtn occuring 
during which the metal cannot be said to be passive. Since ion transport 
is extremely difficult in films of high specific resistance they grow only 
at a high ’’forming voltage”. When the film substance is not mechanically 
stable, it becomes disrupted during growth by cracking, flaking, blistering 
or shearing and further growth is stimulated at points where solution 
entering the breaks can approach nearer to the metal. When the film 
substance is not the only thermodynamically possible product, it may 
be attacked by the electrolyte and rendered porous, and thus more easily
.. 9 ~
thickened, or in the extreme it may dissolve at the film/solution 
interface as fast as it is formed at the metal/film interface,in 
which case anodic brightening results.
Combinations of the above phenomena are often observed and 
are indeed qualitatively the rule; however one or other processes 
often greatly dominates,
1,3. Thin films
Although there are many possibilities it is only necessary 
to consider thin anodic oxide films as these are characteristics of 
the anodic behaviour of Nb, Ta, Ti, etc. These anodic oxide films 
can be obtained by normal anodic process, where, if the metal 
is made anodic in an electrolyte combination between the metal and 
oxygen occurs resulting in a thin continuous film composed principally 
of metal oxide*
The formation of thin insulating anodic oxide film in which 
a high electri ^ field exists across the film during its formation, was 
systematically studied by Guntherschulze and Betz (15, 16), who 
showed experimentally for aluminium and tantalum that the formation 
current, i, and the field strength in the oxide F, could be related 
by an equation of the form,
i = A expEF ..............   (l)
Where A and B are constants, and F is given by ?/d, V 
being the voltage across the film, and d, the film thickness. For
10
aluminium they obtained the following values for A and B 
A = 3-6 x 10 2^  A/cm2 
B = 4.25 x 10~6 cm/V 
The field during the formation was of the order of 10^  v/cm 
and the growth rate was 10 A°/V. Films of this type have a high 
capacity/unit area, and have been widely used in the construction of 
electrolytic capacitors with working voltage up to 600 volts. These 
insulating films which are formed in non-corrosive electrolytes e.g. 
ammonium borate solutions have a limiting thickness of a few thousand A.U.
The work done by Mott (17)» Haring (18) and Charlesby (19) and 
others suggest that the primary forces governing formation of the coatings 
are probably ionic in nature. These investigators have stated that the 
barrier layer represents the distance through which metal ions penetrate 
a layer of the oxide under the influence of an. applied potential, as such 
the thickness of this layer is a function of applied voltage. In the 
case of aluminium, Hass (20) has shown that barrier layer coating forms 
to a thickness of 14 A°/V.
In 1948 Mott and Cabrera (21) presented a theory to account for 
the formation kinetics of thin oxide films during low temperature oxidation 
of aluminium. They assume that a strong electric field is set up in the 
oxide layer by electrons, which leave the metal and penetrate the oxide by 
tunnel effect and enter the vacant energy levels in oxygen atoms absorbed 
at the oxide/air interface. They then show that if the oxide layer is 
sufficiently thin the rate of migration of ions through the film, under
- l i ­
the action of this field, is no longer proportional to the field strength, 
and the final expression obtained for oxidation rate is identical in form 
to equation (l). By taking the numerical values for A and B obtained by 
Guntherschulze and Betz, they were able to deduce correctly the limiting 
oxide thickness on aluminium by air oxidation.
In recent years the anodic oxidation of a number of metals has been 
studied experimentally. In particular, investigation has been made of 
aluminium, tantalum, niobium and zirconium, all of which give stable non­
conducting films in a variety of electrolytes. Charlesby (22) has shown 
that in addition to ionic current flow, which results in film formation, 
an electron current also flows, so that complete current field relationship 
becomes^ -
i « i + i = A expBF + C sinh DF„ -------   (2)
where i = total current, i^_ = ionic current-,
ij= electron current and B, C and I) are constants.
The efficiency of film formation is given by 1+/i. Charlesby 
has shown the validity of this relationship over a wide range of current 
densities for both aluminium and zirconium.
The anodic oxidation of tantalum has been studied in detail by 
Vermilyea (23,24, 25 ) who has shown that, if the theory of Mott and 
Cabrera is applicable to anodic oxidation, then df/d (logi) should be 
proportional to the absolute temperature. In fact the results of Vermilyea 
show that the above relationship is independent of temperature over the
- 12 -
range 0 to 80°C. A similar conclusion has been reached by Young (26) 
who carried out work on tantalum. Dewald (27) has interpreted some of 
Vermilyea’s results in the anodic oxidation of tantalum in terms of 
theory which takes into account the action of space charge formation 
(due to potential barrier within the oxide itself) on the average 
formation field in the oxide. Mott and Cabrera, however, considered only 
a single barrier at the metal/oxide interface for opposing the flow 
of ions Dewald thus explains the observed temperature independence of 
the relation df/dlogi for films some thousands of Angstroms in thickness, 
whereas the Motts theory of thin films (where the space charge is probably 
negligible) requires the df/dlogi relation to be proportional to the 
absolute temperature.
Recently Flint, Polling and Charlesby (28) have examined the 
anodic oxidation of uranium. The oxide film formed in ammoniacalethylene 
glycol electrolyte at constant current was predominantly UO^ in composition. 
During constant current studies they observed plateau formation on 
voltage-time plots.
The plateau formation is of a great interest as it has not been 
detected before by the earlier workers. Their results showed only a slight 
variation in plateau height with temperature, concentration and current 
density. They therefore suggest that plateau formation on the voltage-time 
plot is a fundamental characteristic of uranium. Electron diffraction 
studies of the oxide surfaces during various stages of anodisation showed 
that the films formed during the period of voltage rise are crystalline
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in character whereas at the plateau they become amorphous.
1.4. Thick porous films on aluminium
Setoh and Miyata (29) showed that the thick- .anodic oxide film on 
aluminium consisted of two layers; a thick porous outer layer which 
forms on an inner layer which is thin, dense and dielectrically compact.
Edwards and Keller (30) studied the formation of anodic oxide 
coatings on aluminium in dilute solutions of sulphuric acid, oxalic 
acid, chromic acid and boric acid. They found that the oxide formed with 
these electrolytes was amorphous, as determined by x-rays and electron 
diffraction, and the coating consisted chiefly of AlgO  ^but contained 
certain substances adsorbed from the electrolyte. Further, the coating 
obtained with boric acid was substantially impervious and non-ab3orptive, 
where as those formed in corrosive acids were porous and absorptive. The 
porosity of these coatings was attributed to the dissolution action of the 
electrolyte and the porosity was considered to be responsible for the 
absorptive characteristic. The presence of pores permits the continuous 
passage of current, consequently coatings can be produced having a 
substantial thickness.
Recently, Hunter and Fowle (31) have thrown a new light on many 
facts concerning the formation behaviour of anodic oxide coatings on 
aluminium, by determining the growth of the barrier layer portion of the 
porous oxide. The factors affecting the formation of anodic oxide coatings 
have been studied in detail by these workers (32) who investigated the
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effect of electrolyte type, concentration, temperature, voltage, 
current density and time.
The structural features of the porous type of anodic oxide 
coating applied to aluminium have been investigated by electron 
microscopy by Keller, Hunter and Robinson (33)• They have shown from 
the examination of the electron micrographs, that these coatings consist 
of close-packed cells of oxide, predominantly hexagonal in shape, each of 
which contains- a single pore. They have suggested that the cellular 
structure of the porous oxide is obtained by the solvent action on a 
single oxide cell formed at the pore base. They have further shown that 
the pore size is a function of electrolyte used and is independent 
of forming voltage. However, the wall thickness and barrier thickness 
are primarily a function of forming voltage and are affected to a minor 
degree by the electrolyte type.
From the review of the previous work, it seems that although 
a thorough investigation has been made on the nature of formation of 
thick porous anodic oxide film on aluminium no work has been done on 
the formation of thick anodic films on other metals. Work done on 
zirconium by Charlesby (34) has shown that dilute sulphuric acid and 
other electrolytes which give porous oxide film on aluminium, produced 
a barrier film on zirconium. This suggests that the metals whose oxides 
are not easily attacked by commonly used electrolytes will not form 
readily thick porous films.
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1.5 Anodic oxidation of Niobium
The kinetics of formation of anodic films on niobium (35) have 
been studied and it has been suggested that the phenomenon is that of 
ionic conduction in the oxide at a high field strength (10 V/cm). Also 
it was shown that, as with tantalum, the Tafel slope dF/dlogi is 
substantially independent of temperature instead of being proportional 
to the absolute temperature as predicted by Mott and Cabrera's theory. 
However, this theory appears to neglect the space charge effects. In this 
work the space charge effect has been shown to be present by measuring 
(a) the impedance and (b) the instantaneous field strength on renewing 
the formation of the oxide at different current densities after a short 
period at open circuit It was also shown (36) that the impedance of the 
oxide niobium electrode is a function of frequency and further, the 
temperature rise during the formation of anodic oxide film was negligible 
(37). Previ ous studies on anodic oxidation of niobium have been confined 
mainly, to the formation of thin films which can be regarded as homogeneous 
dielectrics in which the relationship between voltage-time and voltage - 
reciprocal capacity is rectilinear.
The object of the present research has been to study the factors 
affecting the nature and mechanism of formation of thick anodic oxide film 
on niobium. In view of the highly refractory nature of the oxide of niobium, 
it is unlikely that the films formed will be similar to those obtained 
on aluminium in corrosive acids.
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2. Preliminary Experiments
Studies of the anodic oxidation of aluminium by Hunter and 
Fowle (32) show that the nature of films largely depends on the nature 
of electrolytes used. In the case of thick porous oxide films, the 
main factor determining pore formation is the dissolution of the oxide 
film in the electrolyte during oxide formation. The temperature, 
nature of electrolyte and concentration appear to control the solution 
rate at the base of the pores. Further, in the case of porous oxide 
film on aluminium, the temperature was found to be a dominant factor 
in increasing the rate of dissolution and hence porosity. However, 
it should be emphasized that the mechanism of porous film formation on 
aluminium (i.e. film formation and simultaneous dissolution) is not 
necessarily applicable to niobium.
In the present work, various electrolytes were selected, on 
the basis of their corrosiveness to niobium. The anodic oxidation 
was carried out at 20°C and 90°C, the higher temperature was selected 
to increase the attack of the electrolyte on the oxide formed.
2.1 Experimental procedure
The niobium was supplied by U.K.A.E.A. (Springfield) in the 
form of sheet (thickness of 0.150 cm) which was further rolled down to 
a thickness of 0.030 cm. Initially small specimens of unmounted 
niobium were used as anode and two sheets of platinum foil (4 cm x 3 cm) 
were used as cathode<>Later niobium specimens with surface area - 4cm x 4cm
17
were used to permit a more accurate determination of the weight changes 
during anodising,
2,1.1 Surface preparation
The specimens were mechanically polished to 400 grit emery 
paper, followed hy degreasing in trichloroethylene and etching for 
30 sec. in the following solution described by Misch and Ruther (38) 
for cleaning Nb, Ta and W.
25$ by vol.HF(Sp.gr. 1.15) + 75$ by vol. BNO^  (Sp.gr. I.42).
2.1.2, Anodising
Voltageytime (at constant current) studies were made in various 
electrolytes at 20°C and 90°C.
The following electrolytes were studied
sulphuric acid, sodium hydroxide, acetic acid, mono-chloro- 
acetic acid, trichloro-acetic acid, oxalic acid, sodium 
carbonate, tartaric acid, sodium sulphate, chromic acid and 
phosphoric acid.
Subsequently current time (at constant voltage) studies were made in 
acetic acid and phosphoric acid at 90°c. For constant voltage 
studies, the specimens were first anodised at constant current to 
a pre-determined voltage and when this voltage was attained anodising 
was continued at constant voltage.
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An increase in weight of the niobium anode was determined by 
weighing on an assay balance, accurate to - 10 pg.
2.2 Results and Discussion
2.2.1 Constant current anodising at 20°C
The results in Table 2.2.1 show that with the electrolytes 
studied only barrier films which give interference colours were 
produced? with sodium hydroxide anodic dissolution of the metal 
occurred. It seems unlikely that, in view of high potentials required
to pass relatively low currents, these films are porous.
Constant current anodising at 90°C
The results in Table 2.2.2 show that with all electrolytes 
studied interference colours were obtained initially but with the 
passage of current dull grey films were produced in certain electro­
lytes.
The results in Table 2.2.3 show the weight increase obtained
p
by anodising specimens of area 32 cm for 60 min at constant current 
density of lmA/cm^ . The efficiencies calculated are based on an 
increase in weight. Prom the point of view of anodic efficiency and 
film thickness, it would appear that 10^ w/v acetic acid is superior 
to all other electrolytes studied. It was not possible to measure 
directly the thickness of the oxide film. However, by assuming that
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TABLE 2.2.1.
Constant Current Anodising at 20°C. 
Concentration of Electrolytes lCffo w/v.
Electrolyte Current
Density
mA/cm^
... ■ ■ ■ ■ ■ ■ .......
Maximum
Voltage
V
Appearance of 
oxide film
r— ” — —..."■»
Remarks
Sodium
hydroxide
17.5 3 4 Interference
colours
Marked evolution 
of gas, film break 
down at 34 V.
Sulphuric
acid
1-7.5 120 Interference
colours
Barrier film, break 
down at 120 V.
Acetic
acid
10 236 Interference
colours
Barrier films, 
voltage remains 
steady at 236 V.
Oxalic
acid
2.5 185 Interference
colours
Barrier film, 
voltage remains 
steady at 185 V.
Tartaric
acid
5
ti
215 Interference
colours
Barrier film, 
voltage remains 
steady at 215 V.
20
TABLE 2.2.2
Constant Current Anodising at 90°C. 
c .d . lmA/cm^ ,
Concentration of Electrolytes 10$ w/v.
-------------- -— ... - ... - j
Electrolyte Maximum
Voltage
V
Appearance of 
oxide film
Remarks
Sulphuric acid 124 Interference
colours
Barrier film, break 
down at 124 V
Sodium sulphate 30 Interference
colours
Barrier film, marked 
evolution of gas
Sodium hydroxide Do voltage rise 
metal going into 
solution
Sodium Carbonate 112 Interference
colours
Barrier film, voltage 
remains steady at 112 V
Chromic acid 100 Translucent Barrier film, voltage 
remains steady at 100 V
Acetic acid 149 Dull grey No breakdown in film, 
voltage steady at 149 V
Mono chloro- 
acetic acid
137.5 Dull grey No break down in film, 
voltage steady at 137*5V
Sodium acetate 110 Translucent No break down in film, 
evolution of gas
Oxalic acid 135 Dull grey Maximum voltage gradually 
dropped to 128 V
Formic acid 129 Dull grey Maximum voltage remains 
steady at 129 V.
Phosphoric acid
i
187.5 Dull grey Maximum voltage gradually 
drops to 160 V
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TABLE 2.2,5
Constant Current Anodising at 90°C
2c.d. lmA/cm 
Concentration of Electrolytes 10$ w/v
Time of Anodising 60 min.
Electrolyte Weight of 
oxygen uptake 
jig/cm2
Efficiency
*
Weight of 
oxide f^lm . 
lag/ cm
Thickness of 
oxide film 
A°
Oxalic acid 157-7 52.84 524 11,606
Formic acid 147.55 49.44 490 10,859
Acetic acid 231.5 77.58 769 17,038
Mono chioro 
acetic acid 185.5 62.08 6l6 13,652
Phosphoric
acid 216.5 72.4 720 15,193
Chromic acid 87-5 29.166 290.9 6,440
Sulphuric acid low - - -
Sodium sulphate very low - - -
Sodium
carbonate low - - -
Sodium acetate low - -
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the oxide formed was and the density was the same as that of
the bulk oxide i.e. 4.5> and by taking the surface area of specimen 
to be equal to the apparent area, the approximate thickness of the 
oxide film in Angstrom Units is determined as by Gulbransen and 
Andrew (39)» by multiplying the weight of oxide film (pg/cm ) by a 
factor of 73.6.
The values obtained are of interest when compared with previous
work on aluminium (40). In the case of aluminium, the barrier film
lies in the range of 0.03 to 0.05p and the porous layer thickness in
the range of 1 to lOp. However; with niobium a thickness greater
than lp is obtained, (see Table 2.2.3) in weak electrolytes after
2 o60 min at a current density of ImA/cm at 90 C. In IQffo w/v acetic 
acid further anodising for 250 min increased the thickness of the 
dull grey oxide film to 4^ 2;j, This suggested that the' grey oxide 
films were probably porous.
Fig.2.2.1 shows voltag^/time characteristics (at constant 
current) obtained in electrolytes at 90°C., in which only barrier 
films (interference colours) were produced, even with a prolonged 
passage of current.
With the above electrolytes, excepting sulphuric acid, a 
maximum steady voltage was attained which was lower than the maximum 
steady voltage obtained with electrolytes which produced dull grey
V
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Pig 2.2
ISO
Sodium sulphate 
Chromic acid 
Stidium carbonate 
Sulphuric acid
100
80
6o|
2Q|
10 .30 4020
Time (min)
Effect of composition of electrolyte'on the voltage/time
2
curve. Anodising at a constant current density of 1mA/cm 
at 90°C.
24
oxide films (see Table 2.2.2 and Pigs 2.2,1 and 2.2.2). In 
sulphuric acid, however, the film breakdown occured at 114 V.
The visual observation during anodising in the above electrolytes 
showed that after reaching a maximum steady voltage , a marked 
evolution of gas occurred at the anode and the interference colour 
of the oxide film remained unchanged, which suggested that film 
growth has ceased after the maximum steady voltage period and that 
the current passing through the anode was mostly electronic.
Pig 2.2.2 shows a typical voltage/time characteristics obtained 
in electrolytes which produce dull grey oxide films at 90°C. It is 
evident that the plots are non-linear and in all cases a definite 
plateau is evident, usually between 70 90V, excepting in phosphoric
acid where the plateau occurred at 150V. These plateaux observed on 
voltage time curves may be due to the followings.*
(a) chemical change in the oxide film
(*) change in the physical state of the oxide
(c) dissolution of the oxide in the electrolyte.
The work done on the anodic oxidation of uranium by 
Flint, Polling and Charlesby (28) suggests that the plateaux obtained 
during the anodic oxidation of uranium were due to a change in the 
physical state of the oxide. At the plateau the film was found t© be 
amorphous whereas at any other voltage it was crystalline.
In all cases a maximum steady voltage was reached 
and thereafter the voltage remained almost constant with time.
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Fig 2*2*2
200
180
160
140
120
100
80
1* Formic acid 
2* Oxalic acid 
3* Monochloroacctic add 
4* Acetie add 
3* Phoaphorio add*
2010
Time (min)
Effect of composition of electrolyte on voltage/time curres* Anodising 
at constant current density of lnA/cn^ at 90° C.
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In these electrolytes unlike the previous electrolytes "which produced 
harrier films at 90°C., only a slight evolution of gas was observed at 
the anode during the maximum voltage period. This suggests that the 
current passing must he mostly ionic and hence film growth must he 
continuing during the steady voltage period. The oxide film was observed 
to change in apperance from dull grey at the maximum voltage to yellowish 
white with further passage of current.
2*2.3 Constant voltage anodising at 90°C.
Constant voltage studies at 50V and 80V were carried out to 
study the current/time characteristics. The results in Table 2.2.5 have 
shown that ^ cetic acid and phoqohoric acid are the two electrolytes which 
give higher weight gains. These two electrolytes have been studied, 
therefore,at constant voltage under similar conditions.
. Fig 2,2^ 5 shows a typical current/time characteristics obtained 
at constant voltages of 50 and 80V at 90°C. It can be seen that initially 
there is a rapid decrease in current which, howorer, reaches a constant 
finite value in all cases. The curves are of interest from the stand 
point of the following:-
1. The steady state current increases with increase in applied 
voltage.
2. The time required to reach the steady current increases with an 
increase in applied voltage.
3. For the same applied voltage, 10$ w/v acetic acid gives higher steady 
current than 10$ w/v phosphoric acid.
4* The weight gain shown in Table 2.4*4 increases with an increase 
in applied voltage.
Cu
rr
en
t 
»A
35
27
25
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5
80 Y
5 1C 25 30
Time (min)
Current/tine curves nt constant voltage. Anodising in 10-’ b
0acetic acid and 10^ by vol phosphoric acid at 9‘.; 0.
1 and 3 phosphoric acid
2 and 4 acetic acid.
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Table 2.2.4 
Constant voltage Anodising at 90°C 
Concentration of electrolytes 10/ w/v 
Time of anodising 30 min.
Electrolyte Constant Appearance of
...
Weight gain
voltage oxide film 1 |jig/cm2
Phosphoric acid ! 50 Interference colours, 
bluish barrier film
20
Acetic acid 50 Translucent film 84.37
Phosphoric acid 80 Interference colours, 40.60
Acetic acid 60
bluish pink barrier 
film 
' Dull-grey film 116.56
...... .....
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5» For same applied voltage, the weight increase is higher with
10$ w/v acetic acid than with 10$ w/v phosphoric acid.
2.3 Conclusions.
With the exception of sodium hydroxide, where anodic 
dissolution of metal occurs, all electrolytes studied were capable 
of producing interference films on niobium. However, only weak acids 
at 90°C. produced thick films at constant current after the initial 
formation of interference films.
Prom the weight gain measurements at constant current and 
constant voltage, using various electrolytes at 90°C., acetic acid was 
found to be superior to all the electrolytes studied and therefore was 
considered to be most suitable for the proposed study of the nature of 
thick film formation.
The existence of plateaux on voltage/time curves (at constant 
current) in electrolytes which produced dull grey oxide films at 90°C 
is of particular interest. A similar plateau has been observed in 
uranium, when anodised at constant current in ammonnacal ethylene glycol 
solution, and the plateau phenomenon has been attributed to a change of 
the oxide from crystalline to amorphous.
It appears that the plateau may be of fundamental importance in 
connection with the mechanism of the formation of thick films. It was 
decided, therefore, to investigate the significance of the plateau in 
greater detail using acetic acid as an electrolyte.
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3• Experimental Procedure 
3*1 Introduction.
In the previous work carried out to study the kinetics of formation 
of anodic oxide film, investigators have used the method of controlled 
variables, in which either the current or the voltage is maintained 
constant during the course of anodising.
At Constant Current
i = const. =A expBP ............    (l)
P = const, « v/d   i.......... (2)
Also since the film thickness, d, is proportional to the charge passed,
VoC-doet .........   (3)
At constant current,therefore, voltage and film thickness are
both linear function of time.
This is also true if the current efficiency is less than 100$ for
i = i + i « const. « A expBP + C sinhDF (4)+ —
and therefore, since the r.h.s. is a function of P only, 
i = const. =* A expBP 
and i_~ const. « C sinhDP
The efficiency is thus constant at a given current density and can be 
found by comparing the experimental value of d with that calculated by 
Faraday’s law, or by determining the amount of free oxygen liberated 
during anodising.
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The particular advantages of film formation at constant current ares-
a) formation takes place at a constant rate up to the maximum 
voltage and that any departure from linearity of the voltage 
and thickness-time curves owing to changes in efficiency or in 
film composition are readily observed.
b) the IR drop across the electrolyte is constant#
The chief disadvantage of this method is that the range of
2current densities which can be used is limited to about 100 noA/cm by 
heating effects in the film at high currents and the reduction in formation 
efficiency at low currents. (34).
Constant Voltage.
The application of a constant voltage at the outset of anodising 
would result in the flow of a high current and it is usual, therefore, 
to form a film to the selected voltage at constant current, and then 
to keep the voltage constant and allow the current to decay. Then
i = AexpBF «* A expB~J where Y- const ............. ....(5)
Charlesby (22) has given an approximate solution of (5) •
Where BP »1, showing that the product (i.t) changes only slowly with 
time. A plot of logi against logt should, therefore, be linear, also 
l/d = a + b log t.
The advantage of this method is that a wider range of formation 
currents can be obtained. However, this method can only be applied where 
the efficiency of film formation remains high over the range of current
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densities studied • In addition, it suffers from the disadvantages 
that (a) the film is not formed under steady conditions (b) the total 
increase in film thickness during formation is only about 1 5 and (c) 
a correction is necessary for the varying voltage drop across the 
anodising cell. Accurate methods of determining small changes in film 
thickness are essential.
In the present investigation the current was kept constant 
and the change in •voltage (between niobium anode and two platinum 
cathodes in the electrolyte) and the weight of the anode with time 
has been measured. Studies at constant voltage were made in the preliminary 
investigation but due to the small increase in weight and the non-steady 
conditions during the formation of the oxide film, it was decided to 
keep the current constant* At constant current the weight gains would 
be greater and any change in the linearity of the voltage/time curve 
would indicate either a change in efficiency, a change in the structure 
or the formation of discontinuities in the oxide film.
5*2 Apparatus
5.2.1 Electrolytic cell
The anodising cell used in the present investigation was of a 
simple type, consisting of a pyrex beaker of two litre capacity, covered 
with a perspex lid. The arrangement of the electrodes, heater, thermometer 
and the stirrer in the electrolyte cell is shown in Fig 5•*2.1.
Electrical contact to the specimen was achieved by pushing the small 
tab on the specimen into the glass tube and connecting it to a platinum
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Fig. 3.2.1
The arrangement of the electrolytic cell.
wire. 'The glass tube was attached to a rack and pinion arrangement
to enable vertical movement of the specimen. This arrangement enabled
an exact area of the anode to be immersed in the electrolyte. Having
determined the area to be immersed, the position of the anode was fixed
by gripping the glass rod by a clip. The two platinum cathodes (2.5 cm
x 3*5 cm) were placed parallel to the anode and were equally spaced
(4 cm) on either side of it. They were held in position by a similar
arrangement to that for the anode. To enable good electrical contact,
the cathode sheet was attached to a thin platinum wire which was sealed
into a glass tube. Contact between the electrical lead and the platinum
wire was achieved by pouring a few drops of mercury into the sealed tube.
3.2.2 Temperature control
In order to maintain the temperature of the electrolyte constant
+ 0during the experiment, within an accuracy of - 0.1 C., an adjustable 
electrical contact (Pt/Hg) thermometer (Electro Methods Ltd.) was used, 
controlling a 250 watt immersion heater covered by a translucent silica 
tube (Thermo Syndicate Ltd.) through a conventional relay (Sunvic Control 
type F IO2/4). The electrolyte was stirred by means of a glass stirrer 
attached to a variable a.c. motor*
3*2*3 Power Supply
The electrical circuit used for electrolysis i3 shown in Fig 3.2.2,
and the general arrangement of the apparatus is shown in Fig 3.2.3
A constant current and constant voltage unit (Shandon Ltd) having the
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Pig. 3*2.3
The general arrangement of the apparatus used for anodising.
following specification was used.
(a) at constant current
Range 3-40 mA
Maximum voltage 360V.
Regulation: 1$ change in ouput current for
10 volts change in mains voltage,
(b) at constant voltage
Range 0-360 V.
Maximum current 40 mA.
Regulation: 1.25$ change in output voltage for
change in mains voltage by 10 volts.
3.2.4 Instruments 
Voltmeter
A 'laboratory valve voltmeter(Electronics Instrument Co 
Ltd., Model 26.) was used to measure voltages during anodising.
Milliameter
A L.C. Multirange Milliameter (Sangmo Weston) was used for 
current measurements.
Coulometer
Although the constant current supply when adjusted to a 
required value of current remained constant to an accuracy of + 2$, 
but yet it was considered inadequate for the accurate measurements of
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the quantity of electricity to determine the efficiency of anodic 
reaction. A copper coulometer, which determined the quantity of electricity 
accurate to £ 0.2tfo was placed in series with the power supply for the 
cell reaction under investigation.
The coulometer cell consists of a litre beaker having two large 
copper anode sheets and a small copper cathode sheet of very high purity 
arranged in a similar way to the cell shown in Fig 3*2.1• The electrolyte 
used was an acidified solution of copper sulphate containing a small 
amount of alcohol; this was considered to he sufficiently accurate for 
the present work. The increase in weight of a small cathode of pure 
sheet copper was measured after electrolysis and the quantity of electricity 
was determined from the fact that 1 coulomb deposits 0.3294 mg of 
copper (41)•
Electrolyte composition
125g CuSO  ^+ 50g H2S04 fep.gr. 1.84)+50g C^OH-f-distilled water
to make up 1 litre.
Capacitance bridge
The capacity of the oxide coated electrode in series with
subsidiary electrode of platinum sheet was measured by a Universal bridge
(Wayne Kerr Ltd. Type B.221) with the following specification.
Capacitance range O.lpF to 11 pF
Accuracy better than £ 0.25$
Conductance range 10 ^  to 10 mhos (lOffi to,100 M) 
Frequency 1592 cps
The circuit diagram of the electrolytic cell and the capacitance "bridge 
is shown in Fig 3*2.4*
The capacity of the subsidiary electrode of platinum was much 
greater than that of the oxide electrode (36), so that the capacity 
measured was that of the latter. The charge on the solution side of the 
oxide is effectively equivalent to the normal electrical double layer, 
which has a finite capacity of the order 10-100 pF/cm. As an approximation 
the two capa cities may be considered as being joined in series. The 
capacity actually measured is less,therefore*than would be obtained 
with a double layer of infinite capacity and the estimated thickness is 
slightly greater by a constant amount. This error has been shown to 
be negligible for films thicker than about 200 A° (36).
pH meter
The hydrogen in concentration of the various electrolytes was 
determined by an electrometric method using Cambridge pH meter (Ref No 
L-323089).
5«2.5 Balance
The weight changes in the anodic oxidation of niobium were 
determined using bullion assay balance, The sensitivity of the balance 
was 0.01 mg and maximum capacity lg*
Error in the determination of weight changes
Since small weight changes ?/ere to be measured, it was thought 
desirable to consider the possible source of error and estimate the magnitud
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During weight measurements, calibrated, weights were used and most
measurements were carried out using riders only. By careful weighing,
determination could be made to within - 0,01 mg. Since weights were
substracted in calculation, the error due to weighing alone could be 
+ 0.02 mg.
Copper coulometer used in series with the constant current 
source was considered to be accurate to 0.2^ * The apparent area of the 
specimen was assumed to be correct to Vfot
The effect of several other factors on the accuracy of weighing 
also was considered.
a) Some oxide film may have formed during the time interval 
between initial weighing of the specimen and the start of the anodisation, 
which may give rise to a slightly higher weight gain. To avoid air oxidation 
effect, specimens were anodised immediately (within 5 min) after initial 
weighing and the error due to this effect is considered, to be negligible.
b) The increase in weight after anodising gave the amount
of oxygen taking part in the film formation and also of any other constituents 
which were taken up from the electrolyte. Anodised specimens were heated 
in vacuum at 450°C. to remove moisture and any other constituents present 
in the oxide. The results, however, did not show any appreciable weight 
loss (<0.01 mg) and therefore the error introduced, due to this effect, 
is considered to be negligible.
There was also a possibility of the anodic film partially 
dissolving in the electrolyte. Samples of electrolyte were analysed
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(at Chemistry Laboratory of U.K.A.E.A. Springfield) and the results . 
showed that only a negligible quantity of niobium entered into the 
solution.
In order to permit more accurate measurement in weighing large 
specimens (32 cm ) were used. A typical weight gain of 1 mg was obtained 
whena32 cm^specimen was anodised in acetic for 10 min at a constant 
current of ImA/cm . The magnitude of error in weighing, due to-above 
effects, for a weight gain of 1 mg would be,
Error due to weighing 0.020 mg
Error due to current source 0.002 mg
Error due to surface area 0.010 mg
The total error in weight gain of 1 mg adds up to . fa. This 
error, however,will decrease as the weight gain increases because the 
percentage of error in weighing alone will decrease as the weight gain 
increases.
3.3. Materials
Niobium metal was (obtained from U.K.A.E.A. Springfield) in 
the form of sheet about 0.315 cm thick, which was then cold rolled to 
about 0.0315 cm thickness. Initially "as rolled" material was used for
preliminary investigation. Later annealed sheet of 0.035 cm thickness,
obtained from U.K.A.E.A. was used in the main investigation.
The purity of the metal was given as 99*5^ . A typical batch 
analysis of niobium sheet rolled from sintered bar is shown in Table 
3.2.1.
43
c 0 K Ta Si Fe Pb Ti Sn
0.01 0.05 0.01 0,3 0.01 0.05 0.005 0.05 0.08
Table 3.2.1.
Previous workers have adopted the procedure of mounting specimens 
either in diakon (perspex) using hot mounting or using a cold setting 
resin such as araldite. Organic acids used in the present investigation 
were found to attack the mounting material , specially at elevated 
temperature. Also, the shrinkage of perspex mounts during setting was a 
disadvantage as it permitted creep of electrolytearound the edge of the 
specimens. It was decided, therefore, to use unmounted specimens so that 
both sides of the sheet were anodised. Most of the investigation was 
carried out with large specimens in the form squares (4 cm x 4 cdi) with 
a tab cut on the specimen to enable an electrical contact .to be made.
3.4.; Surface preparation of niobium
During the preliminary investigation a variation in the surface 
treatment was found to-affect the anodising characteristics markedly. The 
effect of the surface preparation on anodising characteristics has been 
studied in detail. The following procedure, which has been found to give 
reproducible results, has been adopted throughout the main investigation.
Specimens were polished with emery paper to 000 grade, carefully 
cleaned and degreased in trichlorethylene, etched in chemical polishing 
solution for 45 seconds and finally thoroughly washed in running distilled 
water.
Chemical polishing solution consisted of the following
mixture.
Ijfo HNO^Sp.gr. 1.42) 17# HF (Sp.gr. I.15)
42# (Sp.gr I.84) 24# distilled water, (percentage
are by volume).
3.5. Electrolytes
The electrolytes used were of AnalaR quality. The main electrolytes 
used have already been considered in section 2. In the main 
investigation AnalaR acetic acid only was used.
3.6/ Formation of anodic oxide film on niobium
Oxide was formed by polarising niobium specimen positively 
at constant current density against two subsidary platinum electrodes.
A constant current density requires approximately constant electro- 
static-field strength in the oxide, so that the applied voltage has 
to be increased, linearly with time. The voltage across the cell can be 
increased in this way to several hundred volts. The particular advantage 
is that any departure from linearity of voltage and weight gain against 
time curves owing to changes in efficiency or film composition or 
dissolution of the oxide film are readily observed. The oxide films 
formed haVe been examined by x-ray and electron diffraction and electron 
microscopic technique to elucidate the mechanism of the formation of the 
oxide. The experimental procedure used in the above techniques has been 
described in the respective sections.
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4« Results and discussion
The survey of various electrolytes used to obtain a thick
discontinuous oxide film on niobium showed that acetic acid gave
the highest efficiency of the different electrolytes studies and has 
been used, therefore, throughout the main investigation.
During the above study into the different electrolytes, it 
was found that a slight variation in surface treatment markedly affected 
the anodising characteristics. Therefore, prior to the main study, the
effect of the different surface treatments were investigated to select
a procedure which would provide reproducibility.
In the major part of this work niobium has been anodised in 
acetic acid at constant current and voltage/time and weight change/time 
measurements have been made to study the effect of pH, concentration and 
temperature of electrolyte and the current density, on the formation 
of discontinuous oxide film. In addition, measurements of capacity 
changes with voltage and time have been made to investigate the 
characteristic plateau formation obtained in the voltage/time curve.
The oxide film formed during various stages of anodisation have 
been studied subsequently,by X-rays and electron diffraction and electron 
microscopy to elucidate the mechanism of the formation of dicontinuous 
oxide film on niobium. The results of the various experiments have been 
discussed under their respective headings and in general discussion.
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4. Effect of surface preparation
The preliminary investigation showed that a slight variation 
in surface treatment changed the voltage/time curves considerably, 
which suggested that the nature of the surface treatment was a predominant 
factor in determining the course of anodising. It was necessary, therefore, 
to consider this aspect in more detail before proceeding with voltage/time 
studies.
Anodic oxidation of niobium in 1M acetic acid at 25°C was 
carried out at a constant current density of ImA/cm , to study the 
voltage/time characteristics using specimens which had been subjected 
to the treatments shown in Table 4«1»1»
Table 4*1«1»
No Condition Mechanical Treatment •£• Etching 
time 
in sec.
Nature
of
Surface
1 as rolled Abraded with emery 
down to 30 - very
rough
2 as rolled Abraded with emery 
down to 30 15 etched
3 as rolled Abraded with emery 
down to 30 30 etched
4 as rolled Abraded with emery 
down to 30 45 etched
5 as rolled Nil 45 etched
6 as rolled Nil - rough
7
8
annealed
annealed
Abraded with alumina 
on selvyt cloth 
Nil
- rough
rough
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.£. Etching Solution core*ists of:- •
17# HNO^ (Sp.gr. 1.42) + 17# HP (Sp.gr. 1.15) + 42# H2SC>4 
(Sp.gr. I.84) + 24# distilled water. All specimens were degreased with 
trichloroethylene before etching and finally washed with distilled 
water.
The voltage/time plots for these surfaces are shown in Fig. 4*1*2. 
and 4*1*3* and represent the average values obtained from three 
determinations. Anodising of the mechanically polished specimen (curve 
1, Fig 4*1*2) did not commence until after 10 min of application of 
the current. During this induction period a marked evolution of gas 
appeared at the anode suggesting that the entire current was non-ionic. 
The observed induction period could be due to the following phenomena. :~
1. Severe mechanical polishing may have produced a distorted layer of 
the metal surface which may prevent ionic migration and consequent 
formation of oxide. Removal of this layer should allow, therefore, 
anodising to proceed. In view of the fact that niobium was insoluble 
in the electrolyte, it is difficult to see how this explanation can be 
put forward to explain the observed induction period.
2. Particles of emery become embeded in the niobium surface during 
mechanical polishing and conduct the current thus preventing anodising. 
Anodising of the "as rolled" specimen (curve 6, Fig.4*1*3*)(distorted 
surface) started immediately, which suggested that the distorted surface 
was not responsible for an induction period during anodising. In order
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Fig 4.1.5
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ffect of variation in surface treatment on voltage/time curves. Anodising 
n 1M acetic acid at a constant current density of lmA/cm^ at 25°C.
. on the curves correspond to the surface treatment Nos. shown in 
le 4.1.1.
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to confirm the latter view, a specimen was polished with alumina (curve 
7, Fig. 4.1.3) for a prolonged time to ensure that the surface was 
distorted and also that particles of alumina, which are non-conducting, 
electrical resistivity approximately 2 x 10 ohm/cm at 100°C^  were present 
on the surface, The results show that anodising of such a surface starts 
immediately, suggesting that a probable cause of induction period observed 
with specimen No. 1 is the presence of particles of emery which conduct 
the current and thus prevent anodising.
The following mechanism is proposed to account for the induction 
period observed with specimen No. 1. Initially, a very thin oxide film 
forms on the anode up to 4-5V, this oxide film resists the flow of current 
by virtue of its highly resisting nature (e.g. electrical resistivity of 
Nb^ O^  is approximately 10 o^hms/cm) and most of the current then passes 
through areas of higher conductivity (i.e. through particles of silicon 
carbide from the emery embedded in the surface of niobium, electrical 
resistivity approximately 0.5 ohms/cm at 20 °C). The high field thus 
created in the vicinity of emery particles thickens the oxide film only 
around the emery particles until the emery particles become detached from 
the surface. Anodising then proceeds in the normal way as observed from 
the rise in voltage with time (Fig. 4*1.2 curve l) indicating that the 
oxide film is thickening. The sequence of events resulting in the 
detachment of emery particles is shown in Fig. 4«1*1«
The results obtained with specimens 5> 7 and. 8 were not
reproducible, which suggests that the previous history of the surface
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fig 4.1.1
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4.1*1 Effects of inclusion of emery on anodising of niobium.
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is a very important consideration. Since the metal was supplied in the 
form of rolled sheets it is possible that surface defects due to rolling 
may have been present, in which case the surface of each specimen may be 
slightly different from the others. It was considered necessary, therefore, 
to remove the original surface layer of the "as received" specimens by 
polishing down to 30 emery paper but even this method may not result 
in consistant surfaces, as the number of strokes and the pressure applied 
will vary* It was essential, therefore, that the work hardened layer was 
removed under carefully controlled conditions by chemical methods. This 
process will, in addition, remove surface contamination e.g. emery particles. 
The chemical cleaning solution initially used was a mixture of concentrated 
acids (i.e. 22% HNO^ (Sp.gr. 1.42), 22% HP (Sp.gr, 1.15),55% H2S04 (Sp.gr.1.84). 
However, this mixture attacked the metal very vigorously and a slight 
increase in room temperature markedly increased the reaction velocity so 
that reproducible results could not be obtained even if the time of etching 
was kept constant. When this solution was diluted with 24% of distilled 
water it was found not to be affected by a slight variation in room 
temperature but the time of etching in this solution had to be increased 
to ensure that the mechanically polished surface layer had been dissolved 
away and that the emery particles were no longer present in the surface.
The specimens (curves 2 and 3 Pig 4.1.2.) which were chemically cleaned 
for 15 and 30 sec respectively after mechanically polishing, did not give 
a good reproducibility. This was probably due toinsufficient time of 
etching and hence incomplete removal of the mechanically polished surface
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layer. Specimen No.4 which was chemically cleaned for45 sec gave 
reproducible voltage/time curves and more prolonged time of etching did 
not affect the results. This suggests that the immersion time of 45 sec was 
sufficient to remove the mechanically polished layer and this procedure 
was adopted for subsequent studies.
The voltage/time characteristics of specimens 1, 6, 7 and 8 (Fig.
4.1.2 and 4*1*3) are of interest. The "as rolled" and annealed specimens 
(6 and 8), having surfaces v/hich were slightly rough, showed a slight 
increase in the rate of oxidation, after initial oxide film formation a.t 
approximately 80 to 1007. Specimens mechanically polished with emery and 
alumina, (l and 7)> showed a marked increase in the rate of rise of voltage 
above 100 - 130 V. Such an increase in voltage rise after initial 
formation of the film suggests that less charge is required to form the 
oxide to a given potential at a fixed current density. This behaviour 
has been observed during the growth of oxide films on tantalum by Yermilyea 
(24) and Young (42). They consider that irregularities on the metal surface 
are gradually removed during the growth of the oxide film. The original 
inner layer of oxide is constrained, therefore, to cover a progressively 
smaller area. In these circumstances, the resultant compressive stresses 
in the oxide will produce breakdown of the oxide and consequent gas 
evolution. Further, a shielding of the surface by oxygen bubbles takes 
place which results in a decrease in effective area and hence an apparent 
increase in efficiency due to- increase in current density.
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From the above studies it appears that the course of anodising
depends on the nature of surface treatment• Chemical treatment after
mechanical polishing is considered to be necessary to obtain a fairly 
uniform surface and hence ensure reproducibility of the results. In the 
subsequent studies> therefore, the surface treatment No.4 (Table 4.1.1) 
which gave reproducible results has been adopted, i.e. abraded down to 
30 emery, degreasing and etching for 45 sec in the acid solution.
4.2. Effect of pH of electrolyte on anodising characteristics
The results of preliminary study into various electrolytes at
90°C (Table 2.2.2) have shown that all the acids studied (both strong and 
weak) are capable of producing interference films on niobium. However, 
it would appear that only weak acids produce dull-grey thick films. It 
was considered that the previous results should be checked using different 
electrolytes of comparable pH values, to determine whether pH is significant 
in the formation of thick oxide films.
As lOfo by vol. acetic acid was found to have a higher efficiency compared 
to the other electrolytes studied it was decided to compare buffer 
solutions of acetic acid and sodium acetate and sulphuric acid at selected 
pH values.
4.2.1. Experimental
Niobium specimens were anodised in buffer solutions of different
2
pH values for 60 min, at constant current of 1 mA/cm, to study the effect 
of pH on the voltage/time characteristics and on the v/eight increase/time
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measurements. Solutions cf 0.2N acetic acid and 0.2N sodium acetate were 
used in various proportions to obtain the required range of pH values*
For higher pH values 0.2N sodium hydroxide solution was added to 0.2N 
sodium acetate. The pH of the solutions was determined with a Cambridge 
pH meter (Ref No. L-32308).
4.2.2 Results
The results of weight increase/bime measurements and voltage /time 
studies (at constant current) in buffer solutions of different pH values 
at 90°C are shown in Table 4*2.1 and Figs. 4*2.1 and 4*2.2. The results 
are considered from the standpoint of the followings- 
a) Efficiency
The preliminary studies with buffer solutions (0.2N acetic and
0.2N sodium acetate) of pH range 3*24 to 4*21 showed that the efficiency 
increased slightly with a rise in pH (Table 4*2.1 electrolyte 2, 3 and 4)» 
In this range the efficiency obtained was higher than that obtained in the 
earlier studies using 1.66M acetic acid (iCffo by vol.) having a pH 2.14 
electrolyte 9). In view of the fact that the efficiency obtained obtained 
with buffer solutions in the pH range 3*24 to 4*21 (which have low 
concentration e.g. approximately 0.2N strength) is higher than that 
obtained with 1.66N acetic acid (pH 2,14)» aoetic acid of 0.2N strength 
(pH 2.82) and sodium acetate of0.2N strength (pH 7.1) were studied to see 
whether tha above effect was due to the concentration of the electrolyte. 
However, these concentrations of acetic acid and sodium acetate were
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TABLE 4.2.1 
Efect of pH of electrolyte on anodisation
p
Anodising at constant current density of ImA/cm 
at 90° for 60 min.
Electrolyte pH of
electrolyte
Maximum
voltage
V
Weight of 
oxygen up 
IJLg/ cm
! ' ' ' " '...
1 . Efficiency 
take • io
1. 0.2N acetic 2.82 
acid
122 200 66.64
2. acetate buffer 5*24 134 241*5 80.5
3. acetate buffer 3*74 144
oI
T
N
C\J 83*33
4* acetate buffer 4*21 145 252 84*2
5. 0.2N sodium 7*1 
acetate
100 91*25 36.42
6. acetate buffer 9*14 19 5 1.66
7. sulphuric acid 4*06 41.75 18.7 6.23
8. 10io sodium sulphate 
& sulphuric acid 4.0 33 18.7 6.23
9. 1.8N acetic acid
(l0/£ by vol) 2.34 149 231*5 77*58
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found to give low efficiencies (Table 4.2 1 electrolytes 1 & 5).
The efficiency also decreased with a change in pH of the solution out 
side the range of 3*24 to 4*21, which suggests that pH is a significant 
factor in the formation of thick films in acetic acid.
Since the above buffer solutions gave the highest efficiency 
at pH of 4> sulphuric acid at pH 4 and a solution of \Qffo sodium sulphate 
and sulphuric acid at pH 4 were tried to see whether pH had a significant 
effect in the formation of thick films. However, both electrolytes were 
found to give low efficiences (Table 4*2. 1 Electrolytes 7 and 8).
"k) Voltage-time studies
The voltage time curves obtained with all solutions show a decrease 
in the rate of rise of voltage with time after an initial oxide film 
formation which proceeded up to 10-30 V (Figs. 4*2.1 and 4*2.2).
The decrease in the rate of rise of voltage after 10-30V is more 
noticeable as the efficiency of the anodic process decreases (Fig 4*2.1). 
The voltage rise ih the buffer solution of pH 9.1 (which gave extremely 
low efficiency) ceased after reaching a maximum of 19V (electrolyte 6 
Fig 4*2.1). suggesting that the film groY/th has ceased.
The formation of a plateau is evident on the voltage/time curves 
obtained only with electrolyte giving high efficiency (Fig 4*2.1).
Such a plateau has already observed with acetic acid and other weak 
electrolytes during the preliminary investigation at 90 C. (Section 2).
The extent of the plateau on the voltage/time curve gradually decreases
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Fig 4.2.1
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Effect of pH of solution on the voltage/time curve. Anodising at a 
constant current density of lmA/cm^  at 90°C.
Nos. on the curves correspond to the number (for solution of different 
P •) .shown in tab! - 4*2.1.
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constant current density of lmA./cm2 at 90°C.
Nos. on the curves correspond to the number (for solution of different 
pH) shown in table 4»2.1.
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as the efficiency of the electrolyte decreases (Fig 4*2.1 and Table 4.2.1) 
and completely ceases with electrolytes giving very low efficiency (Fig 4*2.l)e 
The change in the slope of the voltage/tim4 curve (between 10-30V) 
and the formation of the plateau may be due to one or more of the 
following:-
(a) physical change in the oxide structure during anodising,
(b) chemical changes in the oxide composition.
(c) partial dissolution of the oxide in the electrolyte.
At this stage no attempt was made to investigate the cause of the plateau 
formation, however, the plateau phenomenon and also the departure from the 
linear relation between voltage and time is considered in detail in 
subsequent sections.
It can be observed that the voltage/time curves attain a 
maximum voltage which increases as the efficency increases (Table 4*2.1).
The maximum voltage (145^ ) was very high with a buffer solution of pH 
4.21 which also gave the highest efficiency and lowest (19V) with a buffer 
solution of pH 9«1 which gave a low efficiency.
From the above studies, it seems that pH is significant in 
determining the efficiency in solutions containing acetate ions but 
does not appear to be significant in obtaining high efficiencies In other 
electrolytes, e.g. in sulphuric acid and sodium sulphate of a similar 
pH(approximately 4) a very low efficiency was obtained. Further studies, 
therefore, were necessary to explain the significant effect of the pH 
of acetic acid in determining the efficiency .
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From the studies carried out so far, it seems that the thick 
films and high efficiencies are obtained only with weak electrolytes.
It would appear, therefore, that the conductivity of the solution may 
be a significant factor. Attempts have been made to study the effect of 
conductivity of the electrolyte and the results are considered in a 
subsequent section.
4 • 3 • Effect of Concentration of Electrolyte
Studies of the anodic oxidation of aluminium in sulphuric acid
has shown that a variation in concentration of the electrolyte has a
marked effect on voltage/time characteristics and hence the nature of
the oxide film formed. This has been considered to be due to a change
in the corrosiveness of the electrolyte with a change in its concentration.
It was decided therefore, to study the effect of variation in concentration
of the electrolyte on the anodising characteristics of niobium.
Fig. 4»3«1 shows typical voltage/time curves for niobium anodised
2in various concentrations of acetic acid at constant current of 1 mk/cm 
for 60 min at 90°C.
With the exception of very dilute solution (0.1M acetic acid), 
where the rate of increase in volt&ge with time is slightly lower than 
that obtained with other concentrations,variation in concentration does 
not appear to have a significant effect on voltage/time characteristics.
It should be observed that in all cases a change in slope occurs after 
the voltage has reached ''15V. This change of slope has been observed
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Effect of concentration of acetic acid on voltage/time curve. 
Anodising at a constant current density of lmA/cm2 at 90°C.
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previously with buffer solutions over a range of 15-30V. In all 
concentrations studied, the formation of a plateau on the voltage/time 
plot occurs between 70-90V.
Data obtained from the V/t curves during anodising in various 
concentrations of acetic acid is shown in table 4.3.1 and 4.3.2. The 
following observations are of interest.
1. The critical voltage at which the plateau 
occurs increases slightly as the concentration 
increases from O.IM to 4M, but no further increase 
was obtained with 8M acetic acid.
2,
The charge passed to attain plateau is greatest 
with very dilute solutions (O.IM acetic acid) and 
decreases to a constant value in the concentration 
range of 1 to 4 ;^ a slight increase of charge was 
obtained with 8M acetic acid.
3. The maximum voltage is practically the same with all 
concentrations studied, although slightly lower 
voltages are observed at higher concentrations.
4. The maximum voltage attained appears to be a function 
of charge and is independent of concentration of the 
electrolyte, excepting in very dilute solutions (O.IM 
acetic acid) where a higher charge is required to attain 
maximum voltage.
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TABLE 4.3.1
EFFECT OF CONCENTRATION OF ELECTROLYTE
Results of anodising niobium in acetic acid
2 oat a c.d. of 1 mk/cm. at 90 C. for 60 min.
Concentration 
of electrolyte
M
Voltage at 
the plateau
V
Charge passed 
to attain the 
plateau voltage
C/cm2
Maximum
voltage
V
Charge passed 
to attain 
maximumpVoltage 
C/cm
0.1 81.5 0.69 168 3.24
1 . 85.5 0.54 167-3 2.97
2 88.5 0.54 169.66 3.0
4 93 0.54 I64.5 2.94
8 93 0.57 I65 2.94
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TABLE 4.3.2
Weight gain measurements at various concentrations 
of electrolyte.
2 oAnodising in acetic acid at c.d. of 1 mA/cm at 90 C, 
for 60 min.
Concentration 
of electrolyte
M
Weight of oxygen 
uptakg in 60 min 
|i g/ cm
Efficiency
1°
0.1 201 67f.
1 215.9 71.96
2 215.9 71.96
4 218.9 72.85
8 215.6 71.80
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5. The weight increase and efficiency appears 
to he independent of concentration of the 
electrolyte, excepting in very dilute solution 
where the observed efficiency is lower by jfo 
(Table 4-3.2).
The above results show that with the exception of very 
dilute solutions of acetic acid, the concentration of acetic acid does 
not seem to have a noticeable effect on the anodising characteristics 
of niobium.
The formation of a plateau appears to be a characteristic of 
the anodic oxidation of niobium at elevated temperatures. Initially 
it was considered that one of the probable causes for plateau formation 
on the voltage/time curve was the partial dissolution of the oxide during 
anodising. It was decided, therefore, to determine the presence of niobium 
in the solution after anodising, Niobium specimens were anodised in 
solutions of 1M acetic acid at constant current of 1 mA/cm for various 
times (e.g. 15, 50, 60 and 120 min.) and the solutions were then analysed 
to determine the niobium content. (The analysis of the solutions were 
carried out by the Industrial group, U.K.A.E.A., Springfield). This 
analysis did not show the presence of niobium m  solution which indicated 
that the plateau could only be due either to a change in the physical 
state of the oxide or to a change in the chemical composition of the oxide 
film.
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A chemical change in the composition of the oxide can he 
determined either by chemical analysis or hy X-ray or electron 
diffraction. The determination of the composition of the oxide film by 
gravimetric method involves stripping the oxide film from the metal. 
Attempts to dissolve or strip the oxide film in various acids or bases 
failed, hence a gravimetric determination of oxide composition could 
not be achieved.
The cxide films formed have been examined by x-ray and electron 
diffraction techniques and the results are considered in the general 
discussion.
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4.4 Effect of Temperature of Electrolyte
It is well known that an increase in temperature generally 
increases the reactiveness of an electrolyte to a metal. In anodic 
oxidation of aluminium in a given electrolyte an increase of the 
electrolyte temperature is a dominant factor in increasing the rate 
of dissolution of the oxide and the type of the film formed, the lower 
the temperature the thicker the film (32). Preliminary studies of 
niobium in various electrolytes showed that with all the electrolytes 
studied only thin interference films were formed at 20°C (Table 2.2l). 
However it was observed that using a higher temperature (90°C) thick 
films could be obtained in weak acids (Tables 2.2.2 & 2.2.3). This 
suggested that temperature had an important effect on the nature of 
the film formed on niobium. It was decided therefore, to study the 
effect of temperature of the electrolyte on the anodising characteristics.
Anodising of niobium was carried out at 25,50> T5 und 95°C.,
2using IM acetic acid at a constant current density of 1mA/cm, For the 
weight gain/time relationship, different specimens of the same surface 
area (32cm ) were used for each period of anodising and the weight 
increase determined as described in section 3*
Results of constant current anodising at various temperatures 
are shown in table 4*4*1 and the voltage/time plots at various 
temperatures are shown in Fig 4*4*1* The results are of interest 
from the standpoint of the following:
It can be observed that at temperature above 25°C, the 
curves are not linear and that the higher the temperature the 
greater the departure from linearity (Fig.4.4,1 and 2).
These results were unexpected as at constant current 
density there should be a linear relationship between 
voltage and time if the oxide film is a homogeneous 
dielectric.
An increase in temperature decreases the voltage at which 
the departure from the linearity is observed (Fig. 4*4*2*)*
If the departure from linearity is considered to be due to 
the change in the nature of the oxide, a marked departure 
from the linearity would suggest a pronounced change in the 
nature of the oxide. It seems, therefore, that high- 
temperatures facilitate a change in the nature of the oxide 
and it appears that at higher temperatures changes may occur 
at an earlier stage of anodising.
The voltage at which the plateau occurs (Fig.4*4*1) decreases 
with an increase in temperature.
The charge passed to attain the plateau voltage (Table 4«4*l) 
decreases with an increase in temperature.
The plateau becomes more pronounced with an increase in 
temperature.
Below the plateau the rate of rise of voltage with time decreases 
with an increase in temperature.
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Voltage/time curves at various temperatureg showing a change in the 
slope of the curve at temperatures above 25 C. Anodising in 1M acetic 
acid at a constant current density of ImA/cm?
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TABLE 4.4.I 
Effect of Temperature of Electrolyte. 
Anodising in 1M acetic acid at a c.d. of
2
ImA/cm for 60 min.
Temperature
°C
Voltage at 
the plateau
V
Charge passed 
to attain the 
plateau voltage 
C/ cm2
- r - ..... - ■ --
■ — ."l1
Maximum voltage 
V
1
Charge j 
passed to i 
attain max­
imum voltage 
C/cm^
25 I64 1.26 211 3.6
50 112.5 0.950 172 5.36 >
75 92 0.840 165 3.18
95 74 0.720 151 3.0
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Earlier it has been suggested that the formation of a plateau 
on the voltage/time plot is probably due to the change in the nature of the 
oxide (physical or chemical) and is not connected with oxide dissolution 
as no metal was found in the electrolyte. It is apparent that an increase 
in temperature facilitates this transformation in the oxide as the charge 
required to attain the plateau and the plateau voltage decreases with 
increase in temperature.
7. The results of the weight gain/time plots at various
temperatures, (constant current Table 4.4.2 and Pig. 4.4.3) 
show that the weight gain obtained in first 15 min, (up to 
the plateau Pig.4.4* l) hence efficiency decreases with 
an increase in temperature. Since anodising was carried out 
at constant current, the decrease in efficiency with rise 
in temperature suggest that the field across the oxide film 
below the first plateau decreases with an increase in 
temperature. Consequently the rate of rise of voltage with 
time below the plateau will decrease with an increase in 
temperature. This decrease in the field with an increase in 
the temperatuie has been observed previously by Young ( 37 ) 
during the anodic oxidation of tantalum.
8. The maxiumum steady voltage attained (Pig 4*4*1) decreases
with an increase in temperature.
9 The charge passed to attain the maximum steady voltage
TABLE 4.4.2 
Weight gain of niobium with time 
at various temperatures
2Anodising in 1M acetic acid at a c.d. of lmA/cm •
Temperature
°C
Weight gain of Niobium jig/cm2
1
15 min. 30 min. 45 min* 60 min. 75 min.
25 60 100 140 168.75 195.75
50 54.69 100 147.5 190 235
; 75 51.56 106.25 162.4 213.4 271.87
95 46.9 118.75 175 231.25 287.5
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Weight gain/time curves at various temperatures. Anodising in 1M 
acetic acid at a Constant current of lmA/cm.
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decreases with an increase in temperature (Table 4*4«l)»
These observations again indicate that higher temperature 
facilitates the changes encountered during the oxide growth.
10. The weight increase obtained after 20 mins of anodising
(completion of the plateau on V-t plot) is practically the 
same at all temperatures (Fig. 4»4.3)« Above the plateau, 
however, the weight gain increases with an increase in 
temperature which is contrary to the results obtained below 
the plateau.
There is a gradual decrease in the slope of the weight gain/ 
time plot obtained at 25°C but at 50°C the curve is quite 
linear. The results with higher temperatures show an inflection 
in the curve after about 20 mins, the curves then become 
rectilinear. The voltage reaches a maximum and then decreases 
slowly except at 25°C, where the voltage continues to increase 
with time (Fig 4-4*l)* However, the weight gain/time 
relationship, which indicates that the film is growing, 
continues to show linearity even when the voltage, becomes almost 
constant.
Visual examination of the oxide surfaces formed at different 
stages of anodising at various temperatures showed that 
interference films are obtained at 25°C, even after prolonged
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anodising. With an increase in temperature it was observed
that although interference films are formed below the
plateau a dull grey absorbing film is produced above the 
that
plateau andAthe time required to obtain this grey film 
decreases with an increase in temperature.
Determination of the film thickness per volt.
From the results of Voltage/time and weight gain/time studies 
attempts were made to determine the film thickness per volt at various 
temperatures. The weight of oxygen taken up by the metal during known 
periods of anodising was determined from weight gain/time plot at 
various temperatures. The thickness of the oxide film was calculated 
by assuming that the chemical composition of the oxide formed was Nb2 0^ 
and that the density was the same as that of the bulk oxide (i.e. 4«5)»
The surface area of the specimen was taken to be equal to the apparent 
area. The thickness of the oxide film was determined in Angstrom units 
by multiplying the weight of the oxide film (iig/cm ) by the factor 73*6 (39)
In order to determine the film thickness per volt (A°/v) 
accurately, a linear relationship between voltage and time,indicating 
a homogeneous oxide is necessary. The voltage/time curves below the plateau 
have shown that with the ocception of the curve at 25°C, the curves are 
not linear and the departure from linearity is most pronounced at the 
highest temperature (95°C)* So that the film thickness per volt obtained 
from the curves at the higher temperature will be approximate only.
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TABLE 4.4.3
Determination of film thickness per volt 
in niobium at various temperatures.
2Anodising in 1M acetic acid at a c.d. of ImA/cm •
Temperature Potential attained 
in 10 min
Weight gain 
in 10 min
Film thick- 
ness.
Hate of 
film i 
growth
°C V jig /  cm2 A° °a/ v
25 134.5 40 2953 21-95 I)
50 89 36.44 2690 30.23
■
75 73 34.37 2538 54-76
95 62fr 31.25 2309 56.92 I
I
!
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Table 4.4.3 gives the voltage and the thickness obtained in 
10 min of anodising at various temperatures, and the film thickness per volt 
at various temperatures.
It is evident from the results that the thickness per volt 
increases with an increase in temperature indicating that the field across 
the oxide film decreases with an increase in temperature.
From the above studies it appears that temperature has a 
predominant effect in the formation of anodic oxide films on niobium.
The characteristic plateau on the voltage/time plot is most pronounced 
with the highest temperature (95°C) indicating a marked change in the 
nature of the oxide. Subsequent studies of the oxide surfaces by electron 
diffraction and electron microscopy have indicated that the plateau is 
due to a transformation in the physical nature of the oxide, causing a 
discontinuous growth of the oxide.
This will be discussed in Section 8.
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4*5* Effect of current density on anodising
Previous studies on anodising of niobium in acetic acid have
p
been confined to a current density of ImA/cm. It was considered of interest 
to investigate the effect of current density on the efficiency of the 
anodic process and on the anodising characteristics, with particular 
reference to the plateau formation on the voltage time plot,
4*5.1 Experimental
Niobium specimens were anodised in 1M acetic acid at 90°C for
60 min, using various current densities (e.g. 0.25, 0.5, 1*0, 2.0 and
2 2 3 mA/cm ). For low current densities (e.g. 0.25 to ImA/cm ) specimens with
a large surface area (32 cm ) were used to permit more accurate application
of current densities and also to enable a more accurate determination
of weight changes during anodising. For higher current densities (e.g. 2 to
3 mA/cm ) large specimens could not be used since the constant current
source was limited to a maximum of 45 nA. However, smaller specimens
2 2were carefully cut to the exact areas of 16 cm and 12 cm for the current
2
densities of 2 and 3 mA/cm respectively.
4*5*2 Results
The voltage/time and voltage/charge curves are shown in Fig
4.5.I and 4.5.2 and the results of anodising at various current densities 
are shown in tables 4*5*1 and 4*5*2 The following observations can be 
made.
21« At low current densities (0.25 to ImA/cm ) the voltage/time plots show
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acetic acid at 90°C.
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a slight change in the slope of the curve between 10-25V, which 
gradually becomes less pronounced as the current density increases, 
and the curves ultimately become linear with higher current densities 
(2 to 3 mA/cm^ ).
2 • The rate of rise of voltage with time increases with an increase
in current density.
If a change in the slope of the curve is due to a change in the
nature of the oxide it would appear that no transformation occurs with
higher rates of formation of oxide film.
3. The voltage/time curves show the characteristic plateau at all
current densities studied .
4. The voltage at which the plateau occurs increases with an increase
in current density.
5. The charge required to attain the plateau (Fig 4*5*2) appears
to be the same for higher current density range (l to 3 mA/cm ). However, 
the charge required for plateau formation decreases with a decrease in 
current density from 1 to 0.25 mA/cm (Table 4*5*1)*
6. The completion of the plateau appears to be a function of charge
(Fig 4,5.2 and Table 4.5.1) and ia independent of the current density, 
excepting at the lowest current density(0.25 mA/cm ).
7. An increase in current density results in the plateau persisting 
for a shorter time.
8. The maximum voltage attained during the time studied (60 min)
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TABLE 4.5.I
Results of variation of current density during 
anodic oxidation in 1M acetic acid at 90°C, 
for 60 min.
Current
density
mA/cm
Voltage at 
the plateau 
V
Charge to attain 
plateau^voltage 
C/cm
Charge passed 
@ completion 
of the plateau 
C/cm^
Charge to 
attain max. 
voltage
0*25 59 0.435 0.750 1.95
0.5 67 0.525 0.90 2.25
1 81 0.690 0.90 3.0
2 92.5 0.660 0.90 2.94
3 110 0.690 0.945 3.06
..... 1
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TABLE 4.5.2
Results of weight gain measurement at different 
current densities during anodising in 1M acetic acid 
for 60 min.
Current
density
mA/cm2
Maximum
voltage
V
weight gain of 
oxygen in 60 min 
{ig/ cm2
Efficiency
fo
0.25 58.5 48.4 64.98
0.5 105 102.4 68.64
1 150 231.5 77.58
2 159 462.5 77.50
3 169 693.7 77.51
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increases with an increase in current density. With, higher current 
densities (l to 3 mA/cm ) the voltage reaches a maximum value within 
the time of the experiment.
9* The time required to attain maximum voltage with higher current
densities(lto 3 mA./cmJ appears to he a function of charge passed. ‘With 
low current densities (0.25 and 0.5 mA/cm ) however, the maximum voltage 
could not he obtained, since the charge passed during 60 min of anodising 
(0.9 and 1.8 C/cm respectively ) is far below the amount of charge 
(3C/om ) required to attain the maximum value.
10. The efficiency of the anodic process determined from the weight
gain using Faraday’s law appears to he the same for the higher current
densities (l to 3 mA/cm ) used. However, the efficency decreases with a
2
decrease in current density from 1 to 0.25 mA/cm (Table 4.5*2).
It is evident from the above studies that a minimum current density 
o
of 1 mA/cm is necessary to obtain a high current efficiency. The occurence
of both the plateau and the maximum voltage appears to be a function
of charge passed only at higher current densities, i.e. in the range 
2
1-3 mA/cm •
4*6* Capacity measurements of the oxide film
Measurements of the capacity of the oxide surfaces during 
anodising were carried out to study whether the nature of the oxide 
films formed changed at the plateau and to determine the film thickness 
per volt.
When metals like Al,Zr,Ta,Nb, and certain other metals are 
anodised in a suitable electrolyte to form insulating oxide layersi 
a large capacity is found to exist between metal and the e.lectrolyte, 
Guntherschulze and Betz (43) showed that the capacity of the system 
can be satisfactorily accountedAon the assumption that it is due to a 
parallel plate condenser, the dielectric of which is the full thickness 
of the oxide while the conductors are the metal and the electrolyte, 
Charlesby ( 19 ) has shown that if an insulating oxide film is formed by 
anodising aluminium at constant current, the formation voltage V is found 
to increase uniformly with time up to 50QY where breakdown occurs .At 
the same time the reciprocal capacity l/C increases uniformly with time 
so that if * o for a clean metal surface and for a given current 
density and temperature, the product C remains constant irrespective of 
film thickness over the voltage range studied,
A linear relationship between and l/C implies, therefore,, 
that £ is constant and hence the oxide is uniform in structure,
Measurement of capacity will give the instantaneous film thickness 
providing is known and hence the rate of growth of the oxide film.
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Numerous workers have measured the capacity of oxide films on metals, 
generally with the aim of determining their thickness. Young (36) 
studied the dependence of filmcapacity and resistance on frequency, 
to obtain information on the structure of films, particularly the 
nature of their non-stoichiometry* This work has been confined to the 
crack free films generally produced by anodising.
Earlier studies on the measurement of the capacity of discontinuous 
oxide films were carried out by Ansbacher (44 ). He found that the capacity 
of a porous aluminium oxide condenser decreased considerably when placed 
in the container which was then evacuated to remove adsorbed electrolyte 
from the porous oxide. Later Jason and Wood (45) showed that the resistance 
and the capacity of the porous aluminium oxide layer was related to the 
adsorption of the elctrolyte on the surface of the pores. The remarkably 
large variation of resistance and capacity observed were considered to 
be due to the conduction down the pore side to the large capacity of the 
’’barrier” layer at the pore base.
Recently Wanklyn (46 ) and Wanklyn and Sylvester (47 ) he,ve used 
a.c. impedance measurements to investigate the protective character of 
the film formed during the corrosion of zirconium alloys by observing the 
rise in capacity of films caused by the penetration of the electrolyte 
into the oxide film at points of cracking. Young (36) observed that the 
anodic film on tantalum and niobium had unusually large capacities when 
anodised at the breakdown voltage. Misch (38)> comparing anodic films.
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formed, on vgrious metals in nitric acid, found that the porous non- 
protective films had very high capacities. These high values were 
considered to be due to the electrolyte entering cracks, so reducing 
the effective thickness of dielectric and increasing the observed 
capacity.
Although the kinetics of formation of thin homogeneous 
oxide films on niobium have been studied in detail by Young (35) 
there appear to be few studies of discontinuous film. In recent 
years, however, it has become more apparent that discontinuities may 
exist on films which have previously been considered to be homogeneous.
The results obtained in the present work are significant in 
this connection, as the characteristic plateau obtained in acetic 
acid at 90°C may result from a change from a uniform to a discontinuous 
film. In the case of aluminium the uniform film obtained in boric 
acid is the same chemically as the porous (discontinuous) film 
obtained in acid which dissolves the oxide. The plateau obtained 
with niobium could be due to the formation of a discontinuous film 
brought about by a chemical or physical change in the nature of the oxide.
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It was decided, therefor^ to carry out capacity measurements 
to determine the capacity changes at the plateau.
4-8.1 Capacity measurement during anodising 
Experimental
Niobium specimens were anodised in IM acetic acid at 25° and
O P
90 C using a constant current of ImA/cm and kinetic measurements of
changes of capacity with voltage and time were studied. The capacity
of the anodised electrode of niobium was measured with - 0 . 2 accuracy
using an a.c. bridge (the circuit diagram and experimental details are
given in section 3)-
'■ - Results
Typical plots of V-l/C , V/t and l/c -t, obtained at 23°and 90°C 
are shown in Fig 4-8.1 and 4-8.3
a. Studies at 25°C.
The following observations can be made from the studies at 25°C 
(Fig 4.6.1)
1, A linear relationship is evident between V - l/G and V-t up to 190V 
(i.e. up to about 57 pF on the V- l/G plot and up to about 19 min on the 
V/t plot). It can be seen hat l/c -t remains linear from 45 - 57 pF which 
corresponds to the value required to attain the voltage of 190V on the 
V-l/C plot and also to 19 min on the V/t plot. This linearity indicates,
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-  240
v/1
-160
- 120
-80
r - » | 0
Time (min)
Voltage/reciprocal capacity; voltage/time and reciprocal 
capacity/time curves at 25°C. Anodising in IM acetic acid
2
at a constant current density of ImA/cm .
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tfcerefore, that the oxide is homogeneous up to 190 Y.
2. The plateau which occurs on the Y * l/c plot is at about 190Y
which is similar to the plateau voltage observed with the V/t plot. 
This plateau is not evident on the l/c - t plot but a pronounced 
change of slope occurs after 19 min (the time required to attain the 
plateau voltage ). Earlier studies on weight gain/time relationship 
at 25°C. have shown an increase in weight (Table 4*4*2) during the 
plateau period (v/t plot at constant current, Fig 4*4*2) indicating 
that the film is thickening. This suggests therefore, that at the 
plateau a change in the state of the oxide probably occurs causing 
discontinuities on the oxide surface.
The plateau on the Y-l/c plot indicates that l/c is increasing 
although the voltage remains steady. This probably could be explained 
by assuming that there are two capacities (along continuous and 
discontinuous paths) ih parallel as shown in*Fig*4*6*2.
oxide
metal
v I  1
a b'
Fig.4* *^ 2
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Discontinuities in the oxide surface would decrease the 
value of l/C (a) due to a decrease in the thickness of the dielectric 
at the discontinuities (Pig 4.6.2. a). On the other hand, since 
the oxide film is thickening, the value of l/C in the region of 
continuous growth will increase (Pig 4.6.2. b), The total value of 
l/C measured will increase, therefore,as the film thickens, A 
discontinuity on the surface, however, will decrease the rate of rise of l/C 
and. a decrease in the slope of the surve'which has been observed after 19 
min-(corresponding to the plateau voltage of 190V on the V/t curve and 
charige of slope on the V-l/C curve) may be due to this effect.
After the plateau or change of slope all curves tend to become
linear.
b) Studies at 90°C
Fig 4.6.3 shows the results obtained at 90°C and it is evident 
that when a comparison is made with the curves at 25°C., the following 
conclusions are possible.
1, A linear relationship is observed between V and l/C from 0-76V.
However, the l/C - t and V / t curves, unlike the curves obtained at 
25°C., are not linear.
2. There is a decrease in the slope of v/t curve at about 22V (i.e. 
after 2 min)and the l/C -t curve shows a decrease in the slope, after 
similar time, which may be due to a change in the nature of the oxide.
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1
Voltage/reciprocal capacity, voltage/time and reciprocal
capacity/time curves at 90°C. Anodising in 1M acetic acid
2
at a constant curret density of lmA/cm .
Since the V-l/c curve remains linear during this period it would appear 
that a change in the nature of the oxide does not cause a, discontinuity 
on the oxide surface.
3. A distinct plateau, similar to that observed on the V-l/c and
V/t curves at 25°C, exists in all curves.
4* The plateau formation on the V-l/c curve occurs at a similar 
voltage and reciprocal capacity as that observed on the V/t and l/C-t 
plots respectively (i.e. at 76 V and 40*75-'AF Fig 4*6.3)*
5. The plateaux on the respective curves become more pronounced
with an increase in temperature (Figs 4*6.1 and 4*6.3)* If plateau 
formation results from a change in the nature of the oxide film, then a 
pronounced plateau would suggest a more marked change in the state of 
the oxide. It would appear, therefore, that a higher temperature 
probably facilitates the changes that are produced in the nature of the
oxide film formed. The weight gain/time studies at 90° C (Table 4*4*2
and Fig 4*4*3) show a higher weight increase at and above the plateau than 
below the plateau indicating that the oxide film is thickening at the 
faster rate. If the oxide film is continuous, the rate of rise of 
voltage and reciprocal capacity with time should increase linearly but
as a marked decrease in the rate was actually observed, the presence of 
a marked discontinuity on the surface is indicated.
6. Above the plateau a linear relationship is observed with all
curves until the maximum is attained (Fig 4*6.3)*
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7. The maximum voltage attained (152 Y.) was practically the
same for all curves and it should be observed that both Y and l/c 
remain constant with time. The weight gain (Pig 4.4.3), however, 
continues to increase, although the voltage and the reciprocal capacity 
remains constant. This, suggests, therefore, that the oxide formed 
after the maximum voltage period is higly discontinuous. In fact a 
visual examination of the oxide surface formed above the maximum 
steady voltage period revealed a non-adherent discontinuous powdery 
growth on the surface of the oxide film.
4.6.2 Determination of the film thickness per volt.
It was observed earlier that, during film formation at 25°C., 
if the current was kept constant the voltage and reciprocal capacity 
increased uniformly with time up to 190V (Fig. 4.6.1). At the same 
time the reciprocal capacity increased uniformly with voltage up to 
192Y so that for this formation current (imA/cm ) the product CV^  is 
approximately constant. Although the voltage/time studies at 90°C.
(at constant current) did not show a linear relationship a linear- 
relationship was observed for Y-l/c at 90°C, indicating that the product 
CV^  is constant. A slight variation in CY^. may be due in part to the 
difference between' the true.formation voltage, which is applied across the 
oxide layer itself, and the quantity Y^ which also includes the 
potential drop across the electrolyte. To eliminate this source of 
error it is convenient to consider the ratio dY|,/d(l/c) instead of
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CVf as IR « EfcjiGctrolvtcremains constant at constant I. At a given 
formation current density if and temperature, dV^ '/d (l/c) is constant 
and is independent of the film thickness £.
d V ( i ) » 6 % / 4 , d ( 6  ) m  L. Ff(whereFf
is the field across the oxide film which is independent of *?.
The measurement of the film thickness per volt from capacity 
measurements, however, will he incorrect if the oxide is discontinuous 
because of the decrease in the thickness of the dielectric at 
discontinuities. Attempts have been made, therefore, to determine the 
film thickness per volt from the initial linear part of V - l/C curve 
below the plateau, which represents a homogeneous uniform oxide.
Table 4.6.1 gives the observed values of dV^/d(l/c) from the 
linear portion of V-l/C curves at 25° and 90°C. and the corresponding 
values of F, assuming a value of £ * 44*1 for the dielectric constant.
/ \ "Uie
This value has been obtained by Young (48) who has assumed that density 
of the oxide is 4*36 g/cm .
It is evident from the results (Table 4»6*l) that the field 
across the oxide film required to produce appreciable ionic current 
flow and the film growth, decreases with an increase in temperature.
Table 4.6.2 shows the results of the determination of the 
film thickness per volt (A°/v) using a gravimetric method, based on 
the results of studies of weight gain/time and voltage/time studies at
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Table 4.6.1
Results of film thickness per volt at various 
temperatures frothe measurement of capacity
Temp.
°C.
dv7 d  (i/c) 11 .< Film thickness per 
volt A°/v
25 15.87 4.53 j 22
90 13.89 3-96 !
■
27
Table 4*6.2
Results of film thickness per volt at various temperature
by gravimetric method
Temp.
&C.
Voltage 
attained 
in 10 min
V
Weight 
gain in 
10 min 
pg/cm2
Thickness 
of oxide 
film
in 10 min 
A°
Film thickness 
per volt
A°/V
25 155 40 2668 21.95
95 62.5 31,25 2100 36.92
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25° and 95°C. (Table 4*4*2); the density of the oxide was taken to be 
4.5g/cm5 ( 49 )
It can be seen from the results (Tables 4*6*1 and 4*6.2) 
that at 25°C., the value of film thickness per volt (22A°/v) determined 
by the two methods is almost the same, but at 90°C,, the value of film 
thickness per volt (36*92A°/V) obtained by gravimetric method is higher 
than that obtained by capacity measurements (27A°/V,). The large difference 
in the two results at 90°C. is probably due to the fact that although 
V- l/C plot at 90°C. is linear up to 76Y,while the v/t plot is non-linear,,
4.6.3 Capacity measurements to determine the nature of the
the oxide surface
Experimental
In order to determine the surface continuity of the oxide 
films, different specimens were anodised to various voltages (at constant 
current of lmA/cm^ ) using 1M acetic acid at 25° and 90°C» The anodised 
specimens were carefully dried and then re-immersed in the same electrolyte 
and the capacity changes with time were then measured. If the oxide is a 
homogeneous dielectric the initial capacity obtained should not change 
with time. However, if the capacity increases with time, it would suggest 
that the oxide film is porous and discontinuous. An increase in capacity 
has been observed when the oxide is discontinuous due to the penetration 
of the electrolyte into the discontinuities, so reducing the effective i 
thickness of dielectric and hence increasing the observed capacity (44-47)*
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Table 4-6.3 '
Results of the capacity changes with time after
anodising in 1M acetic acid at constant 
2current of, 1 mA./cm
Formation 
voltage 
of the 
oxide film 
V
Temperature
of
electrolyte
0°
Time of 
immersion 
min.
/^ Increase
in
capacity
•
Remarks ;
50 25 180 Nil oxide surface 
homogeneous
140 25 90 7 oxide surface 
discontinuous
210 25 90 7
oxide surface 
discontinuous
50 90 180 Nil oxide surface 
homogeneous
110 VD O 
«■'
90 8
oxide surface 
discontinuous
150 90 90 9
a,_ _ _ _ _ _ _ _ _ _ _  _ _ _ _
oxide surface 
discontinuous
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Results
Results of the capacity changes in the oxide films formed to 
various voltages using the above procedure are shown in the Table 4.6.3.
It is evident from the results that the capacity of the oxide 
films formed up to 50 V (i.e. below the plateau on the V /t curve) remains 
constant with time at both temperatures (25° and 90°C). The capacity of 
the oxide films formed at and above the plateau, however, gradually 
increases with time at both temperatures. This suggests that the oxide 
surface above the plateau voltage is discontinuous and porous. Earlier 
studies have shown that at 90°C., although voltage and capacity attained 
a maximum steady value, the weight continues to increase linearly, 
suggesting that the oxide film is thickening. This would be possible 
only if the oxide film was discontinuous; in fact, this increase in 
capacity with time confirms that the oxide surface must be discontinuous.
It is considered from this work that discontinuities in the surface 
occur initially at the plateau and may arise from a change in the nature 
of the oxide film formed. The oxide film increases in weight with passage 
of current and the oxide surface appears to remain discontinuous.
The results are discussed further in the general discussion
section.
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5. X-ray and Electron diffraction studies of the
oxide surfaces
The characteristic features of the anodic oxidation of niobium 
in acetic acid at 25 to 90°C are the change in the slope (between 15-25?) 
and the formation of a plateau on the voltage/time plot, during constant 
current studies. A similar plateau has been observed with the uranium- 
ammoniaml ethylene glycol system by Flint, Polling and Charlesby (28) 
and has been attributed to a change in the physical state of the oxide 
from crystalline, during the period of voltage rise, to amorphous at the 
plateau. The plateau obtained with the niobium-acetic acid system may be 
due to either a change in the physical state of the oxide or to a change 
in the chemical composition of the oxide. The plateau cannot be due to 
the dissolution of the oxide, since there is no evidence of niobium in 
the electrolyte used for anodising.
Electron and x-ray diffraction studies were carried out to 
determine the nature and physical structure of the oxide films formed 
on niobium, at different stages of anodising.
Previous investigations have shown that, with few exceptions, 
dielectric oxide films formed anodically on metals have an almost 
completely amorphous structure, giving only diffuse haloes when examined 
by electron diffraction. Vermilyea found that this applied to films on 
tantalum and further showed that crystallisation occurred on heating 
the amorphous film to between 500 to 800°C for an hour (25)• In addition
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he showed that crystallisation could occur at rocm temperature in 
the presence of the strong electric field resulting in a sharp 
diffraction pattern corresponding to Ta^ Oj- (50) ♦ This was the first 
evidence of the phenomenon of "field crystallization".
Barrier films normally reach a limiting thickness, which may he 
only 6000 to 10,000 A.TJ., after which breakdown occurs, and since the 
removal of films from metallic substrate is often difficult, chemical 
methods are of limited application in determining their composition.
Diffraction methods, therefore, represent the most suitable 
way of assessing the film composition and, in addition, of giving some 
idea of the oxide structure.
5.1 . :iX-ray diffraction
X- ray methods can be used for studying the oxide, in situ or 
removed from the metal, for its identification and for determining • 
the crystal size, orientation and lattice parameter using glancing 
angle, back reflection or powder techniques. The method, unlike electron 
diffraction, has the advantage that the specimen is not subjected to 
vacuum or to localised electron bombardment so that there is less 
possibility of modifying the film structure either by removal of water 
of hydration or by local heating. In addition, thick films can be examined 
which would otherwise cause excessive back ground scatter owing to their 
roughness.
X-ray methods are particularly suitable for examining thicker
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oxide films but have the disadvantage that due to the greater
penetrating power of x-rays, only oxide films thicker than 1000 A0 
can be identified; on the other hand electron diffraction can be used
for studying the surface nature of thin films as the electron bean has
a lower penetrating power.
5*1.1 Experimental procedure
X-ray diffraction patterns of niobium and niobium pentoxide 
were obtained and v/ere used as standards for comparison with the 
diffraction pattern of the oxide films fomied anodically.
Suitable specimens of oxide were obtained by anodising niobium 
in 1M acetic acid at 90°C, at various voltages (50>75-?H0 and 135 V) 
using a constant current of 1mA/cm2,
5*1*2 Preparation of Powder Specimen
The thick oxide films were scraped from the metal substrate 
by a razor blade and powder specimens were prepared by mixing 5 parts 
of oxide with 1 part of gum/tragacanth and a few drops of water. The 
paste was then slowly rolled between two glass slides to form a thin 
cylinder of about 0,5mm diameter which was dried between the parallel 
plates to avoid bending the specimen.
In order to obtain the diffraction pattern of the 1hin films 
which could not be removed by the above procedure, niobium specimens 
were prepared in the form of 0.5 111 diameter wires which were mounted 
in a powder camera for examination.
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5.1.5 Operating Conditions
Powder Camera 9cm dia.
Radiation Cobalt Kcc
Filter Iron
Voltage 35 K.V.
Tube current 12 mA.
Exposure time 3 h
5.1.4 Results and discussion
A summary of the results and the conditions under which films
are formed, is given in Table 5*1*1* and indicate that the crystalline
oxide films have a composition of Rb205* It appeared from the patterns
thcb although the diffraction pattern of the oxide films attached to the
metal gave lines mainly of niobium a few extra lines due to niobium
pentoxide were also present. The number and the intensity of the
diffraction lines (due to ^ ^ 05) increased with an increase in the
.thickness of the oxide (i.e. increase in forming voltage Table 5*1*1«)*
With very thin film (i.e. 50V Table 5»1«1») °nly one line having
a very low intensity, which represented the strong line of the Rb^O^
pattern, could be obtained. Owing to the greater penetration of x-rays
a clear diffraction pattern could not be obtained with the thin films
and although lower oxides of niobium were not detected the possibility
of their formation during the initial stages of oxide growth cannot
be ignored-.
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Table 5*1 »1
X-ray diffraction studies of the oxide films on niobium. 
Anodising in 1M acetic acid at c.d. of ImA/cm2 at 90°C.
Formation Voltage 
V
Position on the 
V/t plot |
— — --"  ■ ..... . ...... ....... ■■— ■n ,
Interpretation of 
diffraction pattern
50 Below the Diffraction lines
plateau due mainly to Kb, but 
the extra line 
corresponding to Nb^ O^ .
75 at the
plateau Diffraction lines 
due to Kb, but 3 
extra lines corres­
ponding to NbgO,..
110 above the
plateau Pattern due to Kb &
Kb 0,. (4 lines corres- 
2 5
ponding to Kb^ O^ ).
155 Maximum pattern due to Kb &
voltage Kb205 (6 lines due to 
Kb205).
155 Prolonged * Diffraction pattern
anodising entirely of Kb O^^
.....  i
* Oxide film was scraped from the metal and examined.
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5.2. Electron Diffraction
The limi tat ions of x-ray diffraction which have been outlined 
previously show that election diffraction is a more suitable technique 
for studying the nature of the thin films produced in the present work.
Electron diffraction technique, owing to the rapid absorption 
of electrons in passing through the oxide is particularly suitable for 
studying thin films and thin surface layers on massive substrates. 
Penetration into the oxide layer is probably of the order of 50 A.TJ., 
so that the pattern obtained is a representative of the surface layer 
only and, therefore, using this technique the growth of the oxide film 
can be followed closely.
An examination of the oxide surface by electron diffraction 
technique can be achieved in two ways.
(a) Reflection Method
In this method the electron beam grazes the flat surface of the
O
sample at a small angle (<() and a record of diffracted rays is obtained 
on a photographic plate. Because of the glancing angle of incidence 
the method gives the structure of the surface layers only. This method 
was applied, therefore, for determining the structure and composition of 
the oxide layers on a niobium substrate.
(b) Transmission Method
In this method a beam of high energy electrons passes through a
108
thin film of material and is used for oxide films up to a few hundred 
angstroms in thickness which have been stripped previously from the 
metal substrate. Transmission method could not he applied in the 
present studies because it was not possible to strip the films from 
the metal«,
5.2.1 Preparation of Specimen
Since the electron beam grazes the surface of the specimen at
less than 1°, it is necessary to use very flat surfaces and the very
thin sheet specimens used previously were not suitable. Specimens in the
form of squares (2cm x 2cm x 0*2 cm) were carefully polished flat,
degreased and chemically cleaned. Great care was taken at all stages to
avoid contamination of the surface. Specimens were anodised up to various
voltages in 1M acetic acid at 25 and 90°C, using a constant current 
2
of ImA/cm .
5.2.2 Electron Diffraction apparatus
The electron diffraction camera used was similar to that 
described by Pinch & Wilman (5l)» electrons are generated by .a .cold 
cathode discharge, a narrow, nearly monochromatic beam of high energy 
electrons (about 60KV) is defined by a pin hole in the anode block.
The beam which is prevented from diverging by the magnetic field of a 
focusing coil then impinges on the specimen. The diffraction pattern 
is recorded on a photographic plate placed about 50 cm away from the 
specimen.
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5.3.3 Identification of diffraction pattern
The lattice spacixigs were calculated from the radii of the
diffraction rings which were measured by a travelling microscope, and
a comparison with the values which have been obtained by X-ray diffraction
studies (A.S.T.M. Index of Crystallographic Data) enabled the pattern
to be identified.
5.3*4 Results and discussion
Table 5. 2.1 gives the conditions under which the oxide films were 
formed and the interpretation of the diffraction patterns obtained; the
respective diffraction photographs are shown in Figs 5«2.1 to 5*2.8 .
Films formed at 25°C
It is evident from the results (specimens 1 to 3 Table 5.2.1 and 
Figs 5*2*1. to 3*) that the anodic oxide films formed at 25°G are amorphous 
in nature. The chemical composition of the oxide films formed up to 
120V could not be determined owing to the absence of the diffraction 
patterns (Figs. 5.2.1 and 5.2.2). The oxide film obtained at 206V, 
however, gave a pattern of diffuse haloes due to amorphous Nb^O^ (Fig
5.2.3).
Earlier it was suggested that the plateau on v/t curve at 25 C 
may be due to a change in either the physical state of the oxide or 
the chemical composition of the oxide. Electron diffraction studies 
indicate that the oxide films formed are amorphous in nature, throughout 
the anodising; further? the diffuse haloes identify the oxide obtained 
above the plateau as Nb^ O^ .
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Table 5.2,1,
Electron diffraction studies of the oxide 
films on niobium
Anodising in 1M acetic acid at constant current 
of 1mA/cm2
----------
Photograph No. Temperature
C
i
f orming 
Voltage 
V
Position 
V/t plot
Interpretation 
of diffraction 
pattern
1 25 50 Below
the
plateau
No pattern, 
suggesting amor­
phous oxide.
2 25 120 Below
the
plateau
No pattern, suggest­
ing amorphous oxide.
3 25 206 Maximum
Voltage
Biffuse haloes 
corresponding 
to amorphous
i » v y
4 90 7 Below
the
plateau
Very diffuse haloes 
corresponding to 
amorphous oxide.
5 90 50 Below the 
plateau
Haloes corres­
ponding to amorphous 
Nb2°5
6 90 75 At the 
plateau
Rings corresponding' 
mainly to crystall­
ine Nb^ Op, but 
some amorphous 
NbgO^ present.
7 90 116 Above the 
plateau Sharp rings due to 
crystalline Nb^ O^ .
8 90 155
ii
Maximum
voltage
Sharp rings due to 
crystalline Nb^O^ j
Ill
Electron diffraction examination of the surface
of niohium anodised at 25°C to various voltages in 1M acetic acid
2
at constant current of lmA/cm .
Pig 5-2.1 Nb anodised 
to 50V.
No pattern suggesting 
amorphous oxide.
Figo5.2.2 Nb anodised to 
120V.
No pattern suggesting 
amorphous oxide.
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Electron diffraction examination of the surface 
of niohium anodised at 25°C to various voltages in 1M acetic acid 
at constant current of Imk/cm
Fig 5• 2.3 N”b anodised 
to 2 0 6 V  Diffuse haloesd u e  
to amorphous oxide*
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In view of the low penetration of the electron beam the pattern 
obtained is confined to the surface structure only, Although the 
photographs show that there is no change in the physical nature of 
the surface of the oxide but this does not preclude a change in the 
physical nature or chemical composition of the oxide beneath the outer 
surface layer of the oxide.
Films formed at 90°C
Diffraction studies of the oxide films at 90°C are of interest 
and indicate that a change in the composition of the oxide occurs at 
very low voltages (at 22V) and is followed by a change in the physical 
state of the oxide at the plateau.
The following observations are relevant:
1. The results indicate that the oxide films formed at 7V and 50V 
are amorphous in nature. (Specimens 4 and 5 Table 5*2.1. and Figs
5.2.4 and 5*2.5)•
The oxide film formed at 7V gave a pattern of very diffuse haloes due to 
an amorphous oxide which, however, could not be identified. The oxide 
film formed at 50V gave a pattern of diffuse haloes which corresponded 
with amorphous NbgO^ . Earlier studies at constant current, at 90°C, 
have shown a change in the slope of the curve at about 22V which has 
been considered to be due to a physical or a chemical change in the oxide. 
From the electron diffraction studies it appears that the oxide surface 
remains amorphous up to 50V suggesting that this change in slope of
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Electron diffraction examination of the surface
of niobium anodised to 90°C at various voltages in 1M acetic acid at
2
constant current of ImA/cm .
Fig 5•2•4• Nb anodised 
to 7V.
Very diffused haloes due 
to amorphous oxide.
Haloes due to amorphous 
Hb2°5_
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the V/t curve may he due to a change in the chemical composition of 
the oxide.
It appears therefore, that lower oxides may form below 22V 
although they could not be identified from diffraction studies.
20 The oxide film at a plateau voltage of 75V (specimen 6 Table
5.2.1 and Pig 5*2.6) gave a pattern of rings which was mainly due to 
crystalline Nb^ O^ , but some amorphous Nb20  ^might be present as the 
rings were not sharp. Since the oxide film below the plateau is amorphous 
Nb^O^, and above the plateau is crystalline Nb^ O^ , the plateau on the 
Voltage/time curve at 90° C is considered to be due to a .physical change 
in the oxide state.
5 • The oxide films at 110V and 155V gave sharp rings due to
crystalline Nb^O^ (specimen 7 and 8 Table 5*2.1, and Figs 5*2.7 and 
5.2.8). Further the results show that with an increase in forming 
voltage, the rings become sharper and also the background scatter seems 
to increase, suggesting that the size of crystalline particles increases
and also that the surface of the oxide is becoming rough.
The above studies indicate that the surface structure of the 
oxide films formed at 25°C is amorphous and that the plateau could 
either be due to a change in the chemical composition of the oxide or 
to a change in its physical state at the metal/oxide interface; which 
could not be confirmed owing to the very low penetration of the electrons. 
The weight gain with time relationship shows a gradual decrease in the
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Electron diffraction examination of the surface
of niobium anodised to 90°C at various voltages in 1M acetic acid
2
at constant current of ImA/cm
Fig 5*2.6. Nb anodised 
to 75V
Rings due to mainly 
crystalline Nb^O^, but 
some amorphous Nb 0 present
2 5
Fig.5.2.7 Nb anodised to 
110V.
Sharp rings due to 
crystalline Nb^O^.
11?
Electron diffraction examination of the surface of
niobium anodised at 90°C to various voltages in 1M acetic acid at
2constant current of ImA/cm .
Fig 5*2.8 Nb anodised to 
155 V.
Sharp rings due to
crystalline Nbo0c.
2 5
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rate of weight increase with time, suggesting that the oxide surface is 
continuous (Fig 4.4.3 ) hut the capacity measurements suggest that there 
may he a slight discontinuity in the surface at the plateau. There is 
no adequate evidence to explain the two contradictory results. Electron 
diffraction studies however, suggest a possible transformation within 
the oxide at the plateau which may cause a slight discontinuity in 
the oxide.
Diffraction studies of the oxide surfaces formed at 90°C 
indicates that the oxide surface is amorphous below the plateau and 
further suggest that the change in the slope of the voltage/time curve 
at 22V may be due to a chemical change in the oxide. At the plateau 
crystallisation of the oxide occurs, indicating that plateau is due to 
a physical change in the oxide. The results further indicate that 
oxide surface above the plateau remains crystalline throughout 
anodising.
The weight gain/time relationship (Fig 4«4»3) showed a sudden 
increase in weight at the plateau and then continued linearly above 
the plateau even after the voltage reached a maximum value. This suggested 
that the oxide film formed at and above the plateau was discontinuous.
A similar conclusion could be drawn from the capacity measurements
(Fig 4.6.3).
It is considered, therefore, that at the plateau there is a 
change from an amorphous to crystalline oxide which causes a marked
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discontinuity in the surface giving rise to a higher rate of 
oxidation.
The surface structure of the oxide films have heen examined 
"by electron microscopy and the results are considered further in the 
general discussion.
120
6* Electron microscopic studies of the oxide surfaces.
The examination of the oxide surfaces by electron 
diffraction techniques showed that, initially, an amorphous oxide 
is formed, which during anodising undergoes a transformation in 
its physical and probably in its chemical state. Capacity 
measurements of various oxide films have indicated discontinuities 
in the oxide surface due to a physical transformation in the oxide. 
An examination of the oxide surfaces by optical microscope, however, 
did not show any resolvable structural changes. It was decided, 
therefore, to examine the surface structure of the oxdie films 
formed at various stages of anodising by electron microscopy.
6«1 Electron microscope.
There is a limit to the resolving power of light and two 
points cannot be resolved when the distance between them is less 
than one-half the wavelength of light. The resolving power can be 
increased considerably if a beam of electrons is used. The 
transmission electron microscope is similar in principle to the 
transmission optical microscope, in which the optical lens is 
replaced by a magnetic lens. The electrons are focused by an 
electromagnetic field which acts as a condenser lens, the electrons 
then follow parallel paths forming a narrow beam along the axis of 
the instrument. This beam passes through the electro-magnetic 
objective and projector lens and finally forms an enlarged image 
on the viewing screen or photographic plate.
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6*2 Preparation of specimen.
Niobium specimens (2X2XG.2 cm) were carefully
polished flat, decreased and chemically cleaned by the procedure
described in section 3. Specimens were ariodised up to various
voltages in 1M acetic acid at 25%and SO0p,using constant current 
2
of 1 mA/cm . These surfaces were too thick to act as transmission
specimens in the electron microscope and could only be examined by
the replica methods. The electron micrographs of the oxide
surfaces were obtained using shadowed carbon replicas.
6.2.1 Preparation of replicas.
The oxide surface to be examined was rinsed first in
alcohol, dried, and then further cleaned by filming it with
formvar, using a 2% solution of formvar in chloroform, and then
stripping this film with ’’Scotch” tape. This was achieved'by
pouring a drop of formvar solution on the oxide surface which on
evaporation of chloroform left a film of resin on the surface.
This resin film was removed by breathing heavily on it until
droplets of condensed moisture appeared and then pressing a piece
of ’’Scotch” tape on the surface and then pulling it away quickly.
The formvar film came away with “’Scotch” tape leaving a clean
surface. This procedure was then repeated using 1% solution
of formvar to obtain a formvar replica of the clean surface.
The replica which was attached to the "Scotch” tape was mounted
on a glass slide for depositing a carbon film to obtain the positive
replica.
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6.2.2 Depositing the carbon film.
The carbon was deposited by evaporating carbon at 
normal incidence onto the formvar replica. This process was 
carried out in a vacuum chamber by passing a suitable current 
(20 - 30 A) through 5mm dia. po.inted carbon rods, the points of 
which were kept lightly pressed together. On passing a current, 
intense local heating occured at the points and the carbon 
evaporated and was deposited on the specimen; this could be 
detected by the formation of a brown film on a piece of white glazed 
porcelain located about 8 cm below the points. A drop of Apiezon 
B oil was put on the porcelain to emphasize the darkening of the 
porcelain. Normally a light brown deposit of about 50°A in 
thickness is just detectable under these conditions and is obtained 
in approximately 1 sec. A carbon shadow replica of this thickness 
gives little contrast in the electron microscope. Contrast 
between adjacent regions of the carbon replica is enhanced 
considerably by the process known as "shadow casting” (52) in 
which a suitable heavy metal is deposited obliquely on the carbon 
replica. This was accomplished in the vacuum chamber, by means 
of a tungsten filament containing the metal (a gold-palladium 
alloy) to be deposited.
6.2.3 Stripping of formvar.
The composite replica was freed from "Scotch" tape by 
dissolving the "Scotch" tape in petroleum ether, and then mounted 
on the copper supporting grids.
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The formvar resin cast was then dissolved away by treatment 
with chloroform, leaving the shadowed carbon replica on the grid 
ready for examination in the electron microscope.
The replica of the various oxide surfaces thus obtained
;
were examined carefully under the electron-microscope, by
projecting the images on the viewing screen and in certain cases
photographs were taken.
6.3 Kesults and discussion.   t-------------
Table 6.3.1 gives the conditions under which the oxide 
films were formed and the results of the various electron-micrographs 
obtained and Figs. 6.3.1 to 6.3.10 show the electron micrographs 
of the various oxide surfaces.
6.3.1 Film formation at 25°C.
Electron micrograph of the oxide surface formed at 140V 
(below the plateau) shows only a slight unevenness on the surface 
(Fig. 6.3.l), suggesting that initially the oxide formed is 
homogeneous. Further film formation to 164V at the plateau 
indicates cracking of the oxide surface (Fig. 6.3.2), and the 
extent of the cracks can be observed to increase gradusQLy during 
film formation at higher voltages (Figs. 6.3.3 and 6.3.4). A 
careful examination of the electron micrograph of the oxide 
surfaces formed at 192 and 206V (Figs. 6.3.3 and 6.3.4) gives 
the impression that flow lines are present in the cracked region.
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Table 6.5.1
Results of electron micrographs of various oxide 
surfaces-Niobium anodised in 1M acetic acid at 
constant current of lmA/cm .
Temperature 
of electrolyte 
o 
C
Forming
Voltage
V
Position
on
V/jfc plotZ
Interpretation of 
electron micrographs.
25 140 below the 
plateau
oxide surface uneven.
25 164 at the plateau cracking of the oxide- 
surf ace
25 192 above the 
plateau
Increase in cracked 
area
25 206 above the 
plateau
cracks persisting 
almost similar in size 
as in 3
90 60 below the 
plateau
oxide surface slightly 
uneven
90 72 just below the 
plateau
oxide film lifting off 
the metal at some points
90 70 at the plateau cracking of the oxide 
surface
90 72 plateau
completion
c ryst alline are as 
emerging through 
regions.
90 110 above the 
plateau
complete crystallisation 
of the oxide surface, 
showing intercrystalline 
boundaries.
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Electron micrographs of the surface of niobium 
anodised at 25 C to various voltages in 1M 
acetic acid at a constant current of ImA/cm .
Fig*6.3.1. Nb anodised 
to 140V (below the plateau), 
electron micrograph 
(X8500) illustrating the 
uneven oxide surface.
Fig.6.3.2. Nb anodised to 
164V (at the plateau), 
electron micrograph (X8500) 
illustrating the cracking 
of the oxide surface.
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Fig. 6.3.5
Niobium anodised at 25°C to 192V in acetic 
acid at a constant current of ImA/cm • 
Electron micrograph (X10500) illustrating an 
increase in the cracked area.
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Fig. 6.3.4
Niobium anodised at 25°C to 206V in 1M acetig. 
acid at a constant current density of ImA/cm • 
Electron micrograph (X17000) illustrating the 
cracks persist almost similar in size as in 
Fig. 6.3.3.
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This suggests that the crystals which form below the amorphous 
layer produce flaw lines on the overlying amorphous film owing 
to the constraining influence of the latter.
It is apparent from the photographs that plateau 
formation on the V/t curve is caused by the cracking of the 
initially formed amorphous oxide by the crystallization of the 
underlying amorphous oxide. Electron diffraction studies show 
that the oxide surface remains amorphous so that any chemical 
change of the surface oxide could not be detected.
6.3.2 Films formed at 90°C.
The electron-micrographs of the oxide surfaces formed 
at 90°C are of particular interest as they reveal the nature of 
the formation of the anodic oxide films on niobium. Electron 
diffraction studies of the oxide films formed at 90°C indicated 
that the oxide surface below the plateau is amorphous and changes 
to the crystalline form at the plateau and then remains crystalline, 
during subsequent growth of the oxide film. The electron 
micrograph of the oxide surface formed up to 60V (below the plateau) 
Fig. 6.3.5) shows only a slight unevenness in the amorphous oxide 
surface, with further film formation to 72V (just below the plateau 
Fig 6.3,6) the amorphous oxide film appears to pull away from the 
metal at some points. At 70V (the start of the plateau) the 
cracks appear on the oxide surface (Fig, 6.3.7) and through these 
cracks the crystalline areab emerge during the completion of the 
plateau (Fig, 6.3.8).
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Electron micrographs of the surface of niobium 
anodised at 90 C to various voltages in 1M 
acetic acid at a constant current of lmA/cm .
Fig. 6.3b5 Nb anodised 
to 60V (below the 
plateau) electron 
micrograph (X8500) 
illustrating a slight 
uneveness on the oxide 
surface *
Fig. 6.3.6 Nb anodised 
to 72V (just below the 
plateau) electron 
micrograph (X8500) 
illustrating the oxide 
film lifting off the 
metal at some points.
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Electron micrographs of the surface of niobium 
anodised at 90 C to various voltages in 1M 
acetic acid at a constant current of lmA/cm .
Fig. 6.3.7. Nb anodised 
to 70V (at the plateau) 
electron micrograph 
(X8500) illustrating the 
cracking of the oxide 
film.
Fig.6.3.8. Nb anodised 
to 72V (plateau 
completion) electron 
micrograph (X13200) 
illustrating the 
crystalline areas emerged 
through the cracked 
regions.
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Above the plateau (llOV) as the oxide film thickens the entire 
amorphous oxide surface changes to the crystalline form showing 
intercrystalline boundaries (Fig. 6.3.9). As the films formed 
above 110V were too rough to be replicated it was not possible 
to detect whether any further cracking of the oxide occured 
after the crystallization of the entire amorphous oxide surface,
6.4 Discussion.
It would appear from the electron micrographs that 
initially a continuous oxide film is formed. At a certain stage 
in the growth of this film, nuclei form beneath the initially 
formed film, and grow with passage of charge, producing cracks 
in the surface of the initial film. As these nuclei increase 
in size they tend to push the continuous film away from the metal 
surface and thereby extend the original cracks ad also producing 
further cracks. The continuous film appears to be pushed away 
from the metal surface and the crystalline areas grow radially 
following the receding continuous film.
The forces acting on the continuous film at the oxide/ 
metal interface are those exerted by the adhesion of the film to 
the metal and the advancing crystal tending to push the film 
upwards. These forces tend to bend the film at the point of 
its departure from the metal surface so that the detached film 
curls away from the metal surface.
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Fig. 6.3.9
Niobium anodised at 90°C to 110^ in acetic acid 
at a constant current of lmA/cm .
Electron micrograph (X17000) illustrating a complete 
crystallization of the oxide surface (above the plateau) 
with intercrystalline boundaries.
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Crystalline areas growing by the mechanism suggested, 
should have the rate of radial growth varying from place to place 
on the specimen as the' ease of stripping of the amorphous film 
will vary* The marked variation in the diameter of the 
crystalline area*$., formed on the oxide surface appears to confirm 
this view*
From the above studies it would appear that the plateau 
on the V/t curve is associated witn a change in the physical 
state of the oxide surface. Since the formation of the nuclei 
by the above mechanism occurs below the amorphous film, it is 
quite likely that the cracking observed in the oxide film formed 
to the plateau voltage at 25°C is associated with the nucleation 
of the crystals below the surface. As these nuclei have not 
grown sufficiently at this stage to emerge through the surface, 
the electron diffraction pattern does not reveal any evidence of 
crystallinity• It wculd appear, therefore, that with a decrease 
in the temperature of anodising, the time required for growth of 
nuclei is increased markedly.
The results are discussed further in the general 
discussion.
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7. Miscellaneous Studies.
7.1 Other electrolytes.
A survey of various electrolytes at a constant current 
2 oof lmA/cm at 90 C have shown that weak acids produced thick oxide 
films on niobium after an initial formation of interference films 
(Table 2.S.2). Among the weak acids studied acetic acid was found
to giveahigher efficiency and was used throughout the subsequent 
investigation into the factors affecting the nature of formation 
of anodic oxide films on niobium. The results of these studies 
ha^ ve shown that temperature and current density have a marked 
influence on the nature of the oxide films formed. It was thought 
desirable, however, to investigate the nature of film formed using 
strong electrolytes and high current densities. It has been 
observed previously that these electrolytes produce barrier films 
at low current densities i.e. lmA/cm .
7.1.1 Experimental.
The experimental procedure adopted was similar to that 
used with acetic acid, but in order to obtain higher current 
densities from the limited constant current supply of 40mA, the 
size of the specimens was reduced to 12 cm^ (2X3X .030cm). The 
voltage/time studies (at constant current) were made using the 
following electrolytes at 90°C; sodium chloride, hydrochloric 
acid, sodium hydroxide, sulphuric acid and boric acid.
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7.1.2 Results and discussion.
The results (Table 7.1.l) show that although 
interference films are obtained initially, thick grey films are 
produced with further passage of charge. However, the current 
density necessary to obtain thick films in these electrolytes is 
higher, with the exception of boric acid, than that required when 
acetic acid is used.
The V/t studies (Fig. 7.1.1) show a similar change in 
slope at low voltages (15-35V) as observed with acetic acid and 
other weak electrolytes at 90°C (Fig. 2.4.2).
The characteristic plateau obtained with acetic acid is 
evident only with sulphuric acid and boric acid (108-112V) but an 
increase in the slope of the V/t curve is evident with other 
electrolytes between 80-100V. The change from interference 
colours to a translucent film coincided with the plateau or the 
change in slope of the V/t curve (point A, Fig. 7.1.l). With 
acetic acid it has been obsexved that cracking of the oxide film 
commenced at the plateau; a similar phenomenon would be expected 
to occur, therefore, at point A on the V/t curve resulting in a 
discontinuous film on further passage of charge.
From the above results it sdems that thick discontinuous 
films can be obtained with most electrolytes providing that high 
current densities and an elevated temperature is maintained 
during anodising.. The oxide films obtained with some of these 
electrolytes have been examined by electron microscopy and the
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Table 7.1.1
Results of anodising with other electrolytes. 
Constant current anodising at SO C 
for 60 mine
Electrolyte Current
density
mA/cm
Maximum
voltage
V
Appearance of 
the oxide film
Remarks
0c5M: Nad 2 128 Dull grey Maximum voltage 
gradually drops to 
114 V.
0.1M HCl 2 130 Dull grey Maximum voltage 
gradually drops to 
120V.
0.1M NaOH 2 159 Dull grey Maximum
remains
159V.
voltage 
steady at
0.5M H,B0_ o o 1 167 Dull grey Maximumremains
167V.
vo It age 
steady at
0.1M HnS0. 2 4 2 196 Dull grey
Maximum voltage 
gradually drops to 
191V.
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Fig 7.1.1
240 ••
220 '  ’
V °4 c-<*- au /co200
180 ■■
NaOH c.d. 2mA/om
140 ■■
120 - ■
100 ••
60--
40--
20 •-|
10 20
Voltage/time curves for various electrolytes. Anodising 
at a constant current at 90°C.
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results are discussed in the general discussion.
7.2 Electron microscope studies of the oxide surfaces.
During the study of electrolytes, the results with sodium 
of
chloride wereAparticular interest, as this electrolyte produces 
pitting with titanium at voltages greater than approximately 
12-14V and non-adherent interference films with tantalum. Boric 
acid on the other hand produces interference films with titanium, 
zirconium and tantalum*. The oxide films obtained with these 
electrolytes were examined, therefore, by electron microscopy.
7.2.1 Results and discussion.
Table 7.2.1 gives the conditions under which the oxide
films were formed and the results of observation of the elctron
micrographs, and the various electron micrographs are shown in 
Fig. 7.2.1 to 7.2.9.
Boric acid.
It is evident from the photographs (Figs. 7.2.1 to 
7.2.6) that the mechanism of the formation of thick oxide is 
similar to that observed with acetic acid and it can be seen that 
the continuous oxide film becomes detached * from the metal near
the plateau voltage; cracking of the oxide film occurs at the
plateau and ultimately crystalline areas emerge through the cracks. 
However, although the extent of the crystalline areas increased 
as the film thickened, at the voltages studied the entire surface 
did not appear to chaage to the crystalline form.
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Table 7,2.1
Results of electron micrographs of the oxide 
surfaces obtained with 0.5M boric acid and 
0.5M sodium chloride at 90°C.
Electrolyte c.d.
mA/cm •
Formation
voltage
V
Position
on
V/t plat.
Interpretation of 
electron micrographs
Boric acid 1 100 Just before 
the plateau 
formation
Oxide surface lifting 
off the metal, also 
a slight cracking at 
some points.
Boric acid 1 98.5 at the 
plateau
Cracking of the 
oxide surface.
Boric acid 1 102 plateau
completion
Segments of the 
crystalline area 
emerging through the 
cracks.
Boric acid 1 122 above the 
plateau
Crystalline areas 
emerging preferen­
tially at some points 
on the surface.
Boric acid 1 122 above the 
plateau
Same crystalline 
area enlarged.
Boric acid 1 122 above the 
plateau
Large crystalline 
area with flow lines 
showing radial growth.
Sodium
chloride
2 92 at the 
plateau
• Cracking of the oxide 
surface•
Sodium
chloride
2 92 at the 
plateau
Same surface showing 
segments of 
crystalline area 
starting to emerge 
through the cracks.
Sodium
chloride
2 122 above the 
plateau
Crystalline area 
emerging preferen­
tially at some points on the surface.
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Electron micrographs of the surface of niobium
anodised at 9Q C to various voltages in 0.5M
boric acid at constant current of lmA/cm .
Fig.7.‘2.1. Nb anodised 
to 100V (just before the 
plateau) Electron 
micrograph (X8500) 
illustrating the oxide 
surface lifting off 
the metal, also a slight 
cracking at some points.
Fig.7.2.2. Nb anodised 
to 98.5V (at the plateau) 
Electron micrograph 
(X10500) illustrating 
the cracking of the 
oxide surface.
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Electron micrographs of the surface of niobium
anodised at 90 C to various voltages in 0.5M
boric acid at a constant current of lmA/cm .
Fig.7.2.3. electron 
micrograph (X13200) 
illustrating the 
segments of the 
crystalline area (at 
102V-i.e. plateau 
completion) emerging 
through the cracks.
Fig.7.2.4. electron 
micrograph (X8500) 
illustrating the 
crystalline areas (abotre 
the plateau) emerging 
preferentially at some 
points on the surface.
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Fig. 7.2.5
Niobium anodised at 90°C to 1223[ in 0.5M boric acid 
at a constant current of lmA/cm . Electron micrograph
(X17G00) of same area as shown in Fig.7.2.4, illustrating 
the receding amorphous oxide around the emerged crystalline 
area.
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Fig. 7.2.6
Niobium anodised at 90°C to 122Y in 0.5M boric acid 
at a constant current of lmA/cm • Electron micrograph 
(X17000) of the same surface as shown in Fig. 7.2c4 and 5 
but at a different point, illustrating a large crystalline 
area with flow lines suggesting a radial growth.
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Electron micrographs of the surface of niobium
anodised at 90 C to 92V in 0.5M sodium chloride
at a constant current of 2mA/cm .
Fig. 7.2.7. Nb anodised 
to 92V (at the plateau) 
Electron micrograph 
(X13200) illustrating 
the cracking of the oxide 
surface.
Fig.7.2.8. Nb anodised to 
92V (at the plateau).
Ekctron micrograph (X15200) 
of same surface as in Fig.
7.2.7 showing segments of 
crystalline area, starting 
to emerge through the cracks.
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Fig. 7.2.9
Niobium anodised at 90°C to 122V in 0.5M 
sodium^chloride at a constant current of 
ImA/cm . Electron micrograph (X15200) 
illustrating a crystalline area (above the 
plateau) emerged only at some points on the 
surface•
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It would seem that nucleation and growth occurs only at a few 
preferential regions resulting in only a few large crystalline 
areas. It was not possible to replicate the thick oxide films 
as the formvar permeated the coating and it was not possiblet 
therefore, to ascertain whether the thick oxide film was 
completely crystalline.
Sodium chloridfe.
With sodium chloride although a pronounced plateau is 
not evident on the V/t curve (Fig. 7.1.l) a slight decrease at 
93V on the V/t curve was observed and this was associated with 
cracking of the oxide film (Fig. 7.2.7). With further film 
thickening, as observed with acetic and boric acid, the crystalline 
areas emerge through these cracks (Figs 7.2.8&9)* These crystalline 
areas, however, did not cover the entire oxide surface and due to 
the difficulty of replicating thick films it was not possible to 
examine the surface structure of very thick films. In this 
respect the behaviour of niobium in boric acid and sodium chloride 
is similar.
It would appear, therefore, that the formation of 
discontinuous thick oxide films on niobium in the electrolytes 
studied is associated with the cracking of the continuous oxide 
films due to the crystallization of the amorphous oxide.
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7.3 Conductivity measurements of some electrolytes.
It has been shown (section 4.2) that in acetate solutions 
the pH has a significant effect on the efficiency of the process 
whereas with sulphate solutions low efficiencies were obtained 
irrespective of the pH. Subsequent studies with other electrolytes 
(section 7.l) indicated that thick films could be obtained with 
these electrolytes although higher current densities appear to be 
required with strong electrolytes (Table 7*l.l) than with weak 
electrolytes. In view of the above results it was considered 
that the conductivities of the electrolytes studied might have 
some bearing on the results obtained.
The conductivity measurements of various solutions were 
made by a conductance bridge (section 3) and a standard conductivity 
cell (¥yp|ai^593B).
Table 7.3.1 shows the conductivities of the electrolytes 
studied with the corresponding pH value and the efficiency 
observed during anodic oxidation*
It is evident from these results that with acetic acid 
an increase in the conductivity from 0.70 to 3.47 m mho increases 
the efficiency from 66 to 84%. However, with a further increase 
in conductivity to 7.05 m mho the efficiency decreases to an 
extremely low value (l*65%). While the acetic acid solution of 
conductivity 3.47 m mho and pH of 4*1 gave the highest efficiency 
(84.2%), sulphuric acid solution of pH 4 had conductivity of 
0.o36 m mho and gave very low efficiency (5.6%).
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T ab 1 © 7 • 3 • 1
Results of conductivity measurement of various 
electrolytes with corresponding pH and efficienc; 
during anodisation at constant current of ImA/cm 
for 60 min. at 90°C.
Electrolyte pH of 
solution
Conductivity 
m mho cm
Efficiency
%
0.2N acetic 
acid
2.82 0.70 66.64
Acetate buffer 4.1 3.47 84.20
1.6N acetic acid 
(10% by vol.)
2.34 2.41 77.58
Acetate buffer 10.2 7.05 1.65
10"*^  N sulphuric 
acid
4.2 0.036 5.60
Sulphuric acid 2.27 3.52 80.20
V
o
l
t
s
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Pig. 7.5.1
200.
Sulphuric acid
180.
Acetic acid140
I2Q.
100.
80.
60..
40.
20 -
50
Time (min).
10
Voltage/time curves for acetic acid and sulfhuric acid of similar conductivity 
( approx. 5.52 m mho cnT* ). Anodising at a constant density of I mi / m? 
at 90°C.
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It would appear from the above results that the 
efficiency decreases appreciably if the conductivity of the 
electrolyte is outside the range of (0.70 to 3.47 m mho). In 
order to confirm the above effect of the conductivity on the 
efficiency of anodisation, sulphuric acid of conductivity of 
about 3.32 m mho was used. The results in fact gave almost 
the same efficiency (80.2%) as expected within the above range 
of conductivity. Further the V/t curves (at constant current of 
lmA/cm^) obtained with sulphuric (conductivity 3.32 m mho) and 
acetic acid (conductivity 3.47 m mho) at 90% are almost identical, 
excepting the maximum voltage attained, which is higher with 
sulphuric acid (Fig. 7.3.l). These results suggest that the 
conductivity of solution is the controlling factor in the anodic 
oxidation and hence on the nature of the film formed during 
anodising.
The results are discussed in general discussion.
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8. General discussion.
8.1 Introduction.
The present invescigationwas concerned with the factors 
affecting the formation of anodic oxide films on niobium with 
particular reference to the nature of the discontinuous oxide 
films which have been discovered during this investigation. 
Voltage/time studies have shown that, under certain conditions 
that both a change in the slope of the curve and a distinct plateau 
occurs, these changes are clearly connected with chemical and 
physical changes in the nature of anodic oxide. Similar rejsults 
have been obtained by capacity measurements. However, the precise 
phenomenon which occurs at the plateau has been elucidated by 
electron diffraction and electron microscopy. The present 
discussion is concerned with correlating the results of the previous 
sections and present an overall mechanism for the anodic behaviour 
of niobium under various anodising conditions.
In this general discussion, in addition to the anodic 
behaviour of niobium, surface treatment and the nature and temperature 
of electrolytes are considered.
8.2 Surface treatment.
It is evident from the results (Table 4.1.1 and Figs.
4.1.1 and 4.1.2) that slight variations in surface treatment 
markedly change the course of anodising. The surface of the 
uas received” specimens varied considerably due to a) surface 
defects encountered during metal fabrication (e.g. rolling) and
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b) the impurities embedded on the surface during metal working 
operations and, therefore, the results were not reproducible* 
Mechanical polishing of the original surface with various grades 
of emery paper may produce a fairly uniform surface, but during 
this operation, silicon carbide from the emery paper appears to 
become introduced into the surface and has been found to affect 
the anodising process (Figa 4*1*l) giving inconsistent results*
These particles appear to act as electron conducting micro-electrodes 
and hinder film formation during the initial stages of anodising*
It has been recognised for considerable time that abrasive may be 
forced into the surface of soft metals during industrial (53-56) 
or metallographic polishing* Recently Williams (57) has shown 
by radiometric technique that abrasive particles are present in ^  
abraded steel surface. Abrasive particles have also been 
observed directly in taper sections of abraded and polished surfaces 
(58)i these sections have shown that the particles are so well 
entrapped that they could not be removed unless the surface layers 
are dissolved away by chemical treatment. In the present studies 
chemical treatment of the surface after mechanical polishing and 
degreasing was found to be necessary to remove the worked layer 
and also the impurities embedded in the surface. Although, 
chemical treatment after mechanical polishing is adopted generally 
by various workers in the study of anodic processes, the 
importance of chemical treatment from the point of vi.ew of 
consistency of results has not been investigated thoroughly*
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From the present work it is obvious that the chemical treatment 
has to he carefully controlled in order to obtain a uniform 
surface which would give reproducible results* The chemical 
treatment adopted (No. 4, Table 4.1.l) after mechanical polishing 
produced a fairly uniform surface and the results obtained were 
reproducible. This surface treatment was adopted throughout 
the present work.
8e3 Nature and temperature of electrolytes.
Anodic oxidation of metals such as Ti > Zr y Ta and Nb
c L Ohas been confined in general to^temperature of 25 C; the thin
films formed can be regarded as homogeneous dielectrics and the
1 1relationship between V/t, V/ /Q and /t is rectilinear. At0
constant current, therefore, a departure from linearity of any of 
the above relationships would suggest a change in the efficiency 
or a change in the physical or chemical state of the oxide.
In the present investigation, a survey of various 
electrolytes showed that with the exception of sodium hydroxide 
where metal dissolution occurred, all the electrolytes studied at 
25°C and 90°C initially produce only interference films on niobium 
(Tables 2.2.1 and 2). However, at a constant current of 1mA/cm 
only weak acids at 90°C produce discontinuous thick films after 
the initial formation of interference films. At this current 
density barrier films were obtained with strong electrolytes even 
at 90°C. Further, on a weight gain basis the ionic current 
efficiency obtained with acetic acid was found to be superior to
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the efficiencies obtained with the other electrolytes studied 
(Table 2.2.2). With weak electrolytes at 90°C the V/t curves 
(at constant current) showed a characteristic plateau (Fig.2.2.2).
A similar plateau has been observed with the uranium-ethyleneglycol 
system (28)j Where the plateau on the V/t curve was found to be 
due to a transformation in the physical state of the oxide which is 
crystalline at all voltages except at the plateau where it appears 
to be amorphous. In the present investigation the plateau on the 
V/t curve has been found to be due to the cracking of the oxide 
film which results from the crystallization of the amorphous oxide.
It is clear from these results that the voltage at which 
the plateau occurs and the extent of the plateau will depend on the 
conditions of anodising and thesef actors, in turn, will determine 
the subsequent nature of the oxide film formed. The factors 
affecting the nature of the oxide film have been investigated in 
detail using acetic acid which was considered to be the most suitable 
electrolyte for this purpose owing to the high ionic efficiency.
8.4 Anodic oxidation of niobium in acetic acid.
During the study of the anodic oxidation of niobium 
in acetic acid, the effects of concentration, pH value, temperature 
of electrolyte and current density on the nature of the oxide film 
formed were investigated. The V/t, %/t, V/%- and -p/t studies were 
made to study the effect of these factors and the results of these 
studies have shown that the temperature and current density have a
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marked influence on the anodising characteristics and the nature 
of the oxide formed. The effect of these factors have already 
been discussed individually in detail (section 4.2 to 4.6) but the 
subsequent investigation of oxide films by x-rays and electron 
diffraction and electron microscopy have thrown further light on 
these results.
8.4.1 Concentration.
The concentration of acetic acid did not produce any 
noticeable effect on the anodising characteristics. The V/t curves 
(Fig. 4.3.l) and weight gain measurements (Table 4.3.l) at various 
concentrations indicate that the plateau voltage, maximum voltage 
and the efficiency of anodising are a function of charge passed and 
are independent of the concentration of the electrolyte,excepting- 
at low concentration (O.IM) where the efficiency decreased slightly 
while the charge to attain the plateau voltage and maximum voltage 
obtained increased slightly (Table 4.3.l).
8*4.2 ■ pH.
It would appear that pH alone is not a significant factor
t
for obtaining high efficiencies, although the studies of acetate 
solutions at different pH values showed a marked variation in 
efficiency with pH. Solutions of sodium sulphate + sulphuric acid 
and of sulphuric acid gave very low efficiencies although an acetate 
solution of the same pH gave the highest efficiency obtained in the 
present study. The efficiency of anodic oxidation appears to be 
influenced markedly by the conductivity of the solution and is
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independent of the composition of the electrolyte (Table 7.5.l).
These results show that there is a critical raige of conductivity 
(0.70 to 3.47 m mho) at which high efficiencies can be obtained 
and any marked departure from this range of conductivities results 
in a considerable decrease in efficiency. The above inference 
however, is drawn from very limited studies (e.g. solutions of 
acetate and sulphate ions) aid obviously more work with other 
electrolytes is necessary to confirm the influence of conductivity 
on anodic oxidation.
8*4.5 Temperature of the electrolyte.
The temperature of the electrolyte (see V/t, AW/t and ^/t 
curves Figs. 4.4.1, 4.4.3 and 4.6.3) has a marked influence on the 
nature of formation of the oxide films on niobium*. As the 
temperature is increased above 25°C a change in slope of the V/t 
curves occurs at 20-30V (Figs. 4.4.1 and 4.4.2). Although there 
is no experimental evidence to account for the nonlinear relationship 
at 20-30V, it would appear that since there is no dissolution of 
niobium in the electrolyte during anodising and since the oxide 
(as determined by electron diffraction photographs of the oxide 
films formed at 7V and 50V at 90?) below the plateau remains 
amorphous, the change in slope may be associated with a change in 
the chemical composition of the oxide. This phenomenon may also 
occur at 25°C but owing to the higher rate of voltage rise at this 
temperature a change in slope could not be detected.
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The characteristic plateau on the V/t curve is of 
particular interest since it indicates a transformation in the 
initially formed oxide. It is apparent from the results (Table
4.4.l) that the plateau voltage and charge to attain plateau 
voltage decreases with an increase of temperature, but the extent 
of the plateau increases with an increase in temperature.
Electron diffraction and microscopy have shown that cracking of 
the oxide film occurs at the plateau and this is considered to
be due to the crystallization of the amorphous oxide at the metal/
oxide interface.
An increase in temperature will facilitate crystallization
so that less charge will be required at higher temperatures to
attain the plateau voltage. Also an increase in temperature will 
increase the rate of crystallization resulting in large crystalline 
areas which will give rise to more discontinuities so that the 
plateau will become more pronounced at higher temperatures.
The discontinuities in the oxide surface also manifest
and jpj/t studies at 25° and 90°C. A similar 
argument can be used to explain the decrease in the maximum vohage 
with increase of temperature.
The efficiency of anodic oxidation determined from 
weight gain measurements (Table 4.4.2 and Fig. 4.4.5) indLcatesthat
below the plateau the efficiency increases with decrease in
o €)temperature ( 95% at 25 C and 60% at 95 C). At constant current,
for homogeneous oxide film growth the electrostatic field across
themselves in the
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the oxide film which determines the ionic current flow remains 
constant for a fixed temperature and hence the efficiency remains 
constant. The decrease in efficiency with increase in temperature 
indicates, therefore, that the field is decreasing with an increase 
in temperature. The field set up acro-ss the oxide film depends 
on the dielectric nature of the oxide which depends on the chemical 
bonding of the oxide lattice. An increase in temperature may 
weaken the chemical bonding strength of the oxide lattice so that 
the electrostatic field set up across the oxide will decrease 
with increase in temperature. The decrease in the field with
35increase in temperature was found from the film thickness per volt 
determined by capacity and gravimetric methods (Tables 4.3.3 and
4.6.1 and 2. • Above the plateau, however, the weight gain and 
hence efficiency increases with increase in temperature. This is 
considered to be due to the fact that above the plateau, the 
oxidation process may be dominated by the diffusion of oxygen ions 
through the grain boundaries and discontinuities in the oxide.
As these increase with temperature, the rate of oxidation by this 
process will increase as well. Below the plateau, however, the 
continuous amorphous oxide grows mainly by the migration of ions 
through the vacancies and interstitial lattice sites in the oxide. 
The oxidation rate by this process increases with an increase in the 
electro static field across the oxide which is the driving force for 
ions through the oxide lattice and since the field decreases with an 
increase in temperature, the oxidation rate below the plateau
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decreases with an increase in temperature,, 
s See appendix for density of Nb 0 ,
o  0
8.4,4 Current density.
It is obvious that the current density (as judged by
the voltage/time: at 90°c), markedly influences the nature of the
oxide formed (Fig. 4.5.l). Below the plateau voltage, the curves
gradually become linear with an increase in current density and
the change in the slope of the curve at 20-30V observed at the
low current density range (l to 0.25mA/cm^) does not occur at the
2higher current density range (2 to 3 mA/cm ). This suggests that
the transformation in the oxide, which is considered to occur
because of the change in the slope at 20-30V, either does not occur
at all at the higher current density range, or that the rate of rise
of voltage is so rapid that it could not be detected with the
procedure adopted.
The occurrence of both the plateau and the maximum voltage
appears to be a function of charge (Tables 4,5,1 and 2 and Fig, 4.5.2)
in the high current density range (l to 3 mA/cm^ ). At constant current
and constant temperature the charge passed will determine the
thickness of the oxide film. It seems, there fart, that crystallization
in the oxide will occur only when the oxide film: attains a critical
thickness which is a function of charge.
In addition the results indicate that with acetic acid a
2minimum current density of 1mA/cm is necessary to obtain high current 
efficiencies (Table 4,5.2).
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8.5 Nature and structure of oxide films formed in acetic acid,
8*5.1 Films formed at 25°C.
The nature of the oxide films formed at 25°C is markedly 
different to those produced at S0°C. The surface structure of the 
oxide films formed at 25°C as judged by electron diffraction and 
microscopy was found to be amorphous (Tables 5.1.2 and 6.1.2); the 
chemical cramposition of the oxide films formed below the plateau 
could not be determined due to highly amorphous nature of the oxide. 
Above the plateau, although the oxide appeared to remain amorphous, 
the diffuse haloes obtained with the oxide films formed up to 206V 
corresponded to Nb 0. (Table 5.1.2 and Fig. 5.1.3). The electron
c t O
micrographs of the oxide films indicate . that below the plateau the 
oxide surface is continuous, (Fig. 6.1.l), at the plateau cracking 
of the amorphous oxide occurs (Fig. 6.1.3), and above the plateau 
the cracks persist with a slight increase in the area of the cracks! 
region (Fig. 6.1.4). The cracked areas at'206V give an 
impression of projecting segments of crystals with diffuse flow lines 
in the segments (Fig. 6.1.4).
Above the plateau since the voltage and reciprocal of 
capacity were found to continue to increase slowly (Fig. 4.4.2 and
4.6.1) and also since the weight gain/time relationship (Fig.4.4.3) 
only showed a alight increase it would appear that the cracks in the 
amorphous oxide are very shallow.
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The cracking of the oxide surface due to the stresses as suggested 
by Cathcart ..et. al#t (59) during a study of thermal oxidation of 
niobium, would be expected to be fairly deep owing to the high oxide 
to metal volume ratio (e.g. Nb^Og/Nb the volume ratio is 2.7) and 
the V/t and /^t curves should indicate, therefore, a sharp drop in 
voltage and reciprocal of capacity rather than the slight arrest in 
voltage and reciprocal capacity (i.e. plateau) observed in the 
present work. Also the weight gain/time relationship should show 
a continuous increase in weight rather than a slight decrease 
observed in this work.
It is considered, therefore, that above the plateau 
although the outer layer of the oxide, which is responsible for the 
electron diffraction pattern, is still amorphous, the layer below the 
outer layer may be partially crystalline, The cracks are considered 
to be produced by the growth of the crystals formed at the oxide/metal 
interface which disrupt the amorphous surface oxide. The growth of 
these crystals, however, seems to have decreased markedly due to the 
decrease in the rate of film growth (Fig. 4.3.3). As crading results 
from the crystallization of the previously formed amorphous oxide, 
the cracks would not be expected to be very deep.
8*5.2 Films formed at 90°C.
An examination of the oxide films by x-ray diffraction 
technique has not been of much value owing to the greater penetration 
of x-rays but the results indicate that the chemical composition of 
the crystalline oxide is Nb 0j_ (Table 5.1.l).
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With thin films (below the plateau) the diffraction pattern
obtained was mainly of niobium and only one line corresponded to the
strong line of the Nb^O^ pattern and the exact chemical composition
of the oxide films formed below the plateau could not be determined
by x-rays. Electron diffraction studies have indicated that the
oxide films formed up to 50V are amorphous although at 50V it
appeared to be amorphous Nbr 0^. (Table 5,2.1 and Figs. 5.2.4 and 5);
& o
at and above the plateau voltage the oxide formed was crystalline 
NbgOg (Table 5.2.1 and Figs 5.2.6 to 8). This indicates that the 
plateau on the V/t and the /^t curve is due to the transformation of 
the oxide film from amorphous to crystalline.
Electron micrographs of the oxide films indicate that the 
oxide surface formed up to 50V is continuous, at 60V the oxide surface 
shows a slight lifting of the oxide film from the metal substrate ■ 
and at the plateau (7QV) the oxide film has started to crack.
Above the plateau, crystalline areas emerge through the cracks by 
pushing off the amorphous oxide and ultimately the entire amorphous 
oxide surface is transformed into a crystalline oxide.
It is suggested, therefore, that below the plateau since 
the oxide formed is amorphous and continuous a change in the slope 
of the V/t curve observed at about 22V may be due to a change in the 
chemical composition of the oxide film from lower oxide (i.e. NbO or 
Nb02) to a higher oxide (NbgOg), This could not be determined by 
electron diffraction technique due to highly amorphous nature of the 
oxide films formed below 50V.
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It is obvious that at the plateau the change in the oxide 
surface from amorphous to crystalline causes marked discontinuities 
in the surface which give rise to higher rate of oxidation,
® ®  Mechanism of the formation of discontinuous oxide films.
From the present work it is concluded that initially the 
oxide is continuous and amorphous and that the arrest in the rise in 
voltage and reciprocal capacity, i.e. the plateau on the V/t and
~/t curves, correspond with the formation of marked discontinuities 
in the oxide which are caused by the crystallization of the amorphous 
oxide. It would appear from the electron micrographs that 
crystallization commences at the metal/oxide interface so that no 
evidence of formation of a crystalline oxide can be obtained by 
electron diffraction studies of the outer surface of the oxide film. 
It is concluded that the transition from the amorphous continuous 
oxide to a discontinuous oxide results from the initiation of 
crystals at the metal/oxide interface. Further support for this 
view is given by a slight decrease in the rate of rise of1 V/t and
i/t ( at 90°c) before the plateau formation on the respective curves
Lf
(Figs. 4.4.1 ad 6.1.3). This decrease may be associated with a 
slight decrease in thickness of the oxide due to the volume changes 
associated with the transition from an amorphous to a crystalline 
oxide.
It seems, therefore, that when the amorphous oxide film 
reaches a critical thickness below the plateau voltage, nucleation
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of the crystalline oxide commences at the oxide/metal interface*
Th.e initiation of nucleation appears to depend on the passage of a 
critical charge (at constant current) which, however, decreases with 
an increase in temperature. This crystallization at the oxide/imtal 
interface results in the formation of grain boundaries which provide 
paths by which diffusion of ions can proceed more readily than 
through the oxide lattice and this probably accounts for the greater 
rate of oxidation observed after the transition has occured. As the 
growth of these crystalline oxide nuclei proceeds it produces stresses 
in the film which cause cracking of the initially formed protective 
continuous oxide. This crystallization and cracking gives rise to 
the pronounced plateau at 90°C on the V/t and ^ /t curves. Support
V
for this mechanism is provided by the results of electron diffraction 
studies and by electron microscopy which show clearly the initiation 
and growth of a crystalline oxide.
Vermilyea. has described the phenomenon of field 
crystallization (50) whereby anodically-formed amorphous Ta^Og has 
been shown to crystallize in the presence of strong electric field 
and considers that the rupture of the initially formed amorphous 
oxide is due to crystallization within the amorphous oxide. The 
similiarity of the electron micrographs (Figs. 6.3.7 to 9) to those 
obtained by Vermilyea for tantalum indicates that the phenomenon 
observed in the present work is due to field crystallization and 
that a similar mechanism is applicable.
165
8.7 Anodic oxidation and high temperature oxidation.
The results obtained in the present study suggest that 
there is a connection between the formation of a discontinuous film 
on niobium during anodic oxidation and the results observed by other 
workers for the high temperature oxidation of niobium. It has been 
shown that below 375°C the growth law is parabolic owing to the 
formation of a continuous protective oxide, whereas above this 
temperature the growth law is linear and the oxide is non-protective 
(e•g.Gulbransen and Andrew, Cathcart et- al and Harvy, 39, 59 and 
6Q).
Cathcart (1958) have found that during the high
temperature oxidation of niobium at 350°- 500°C the growth law is
parabolic initially but becomes linear at a critical thickness which 
depends on temperature and time and according to these workers, this 
transformation in the rate laws is due to cracking of the oxide.
Q
Using platinum markers they concluded that at 450 C oxide growth 
occurs by oxygen ions diffusing inwards (either interstitially or 
via anion vacancies) as the platinum marker was found to be located 
at the oxide/gas interface. They considered that cracking and 
breakdown of the initially formed protective oxide film results from 
stresses caused by the formation of the oxide (which has a very high
oxide/metal volume ratio of 2.7) at the oxide /metal interface.
Further from the blister density (number of blister/unit area) they 
have deduced that the transition from a protective to a non-protective 
oxide occurs after 10, 60, 240, 480 and 2900 min (transition time)
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for temperatures of 450°, 420°, 400°, 380° and 350°C respectively.
It should be observed, however, that the appearance of these oxide 
surfaces formed at different temperatures and times does not appear 
to agree with these transition times. As the work of Cathcart 
et *al* is of particular interest in the present study it is necessary 
to consider their results in some detail.
Firstly Fig. 8.6.1 represents, accordingly to the workers, 
a electron micrograph of niobium which has been oxidised at 400°C 
for 210 min. These conditions correspond to the protective range, 
as 240 min. at this temperature is required for a transition from 
a parabolic to a linear curve. In addition Cathcart 
point out that this particular sp&cimen had a high blister density 
suggesting that initial cracking has occured after much shorter 
times than 210 min.
At 380°C the transition time is 480 min. and Cathcart .
et «al«show that under these conditions there is a high blister
a ^density in the oxide surface with a slight ripple texture. However, 
Fig. 8.6.2 shows the surface topography of a specimen which was 
oxidised at 380°C for 2880 min; this is clearly well into the region 
of a non-protective oxide. This figure shows only a few small 
blisters although the "rippled texture" is now pronounced. They 
suggested that this "rippled texture" is due to the plastic deformation 
of the oxide film (no reference was made in the paper as to whether 
the film was crystalline or amorphous) during the protective stage 
of oxidation.
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Electron micrographs reproduced from the work of Cathcart et al 
on the thermal oxidation of niobium.
Pig 8.6.1 illustrates a 
high blister density on 
the surface of Nb oxidised 
at 400°C for 210 min.
< • VP
i
i - ■' W,-'
Fig. 4 . C a rb o n  rep lica , p re sh a d o w e d  w ith  g o ld -M a n g a n in , 
o f N b  sp e c im en  o x id iz e d  4 8  h r a t  3 8 0  C. M a g n if ic a t io n  
1 2 ,0 0 0 X  b e fo re  re d u c tio n  fo r p u b lic a tio n .
Pig 8.6.2 illustrates a 
"rippled texture"on the 
surface of Nb oxidised at 
380°C for 2880 min (non- 
pro tective range). Cathcart 
et al suggest that this may­
be due to the plastic deform­
ation of the oxide film 
during oxidation.
Fig. 2c. Formvar replica, shadow ed with gold-M anganin , 
of Nb specim en oxidized fo r 2 1 0  min a t  4 0 0 °C . M agn ifica­
tion 5 ,000X  before reduction for publication.
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It is considered from the present studies of anodic 
oxidation of niobium that the "rippled texture" may actually 
represent a large crystalline area (as it is similar in appearance 
to thecrystalline oxide shown in Fig. 7.2«6) which appears to have 
emerged through the cracked regions to the surface. This must have 
occured after the transition from the protective to the non- 
prctective stage of oxidation. In addition, it is difficult to 
visualize the formation of blister-like cracks if the oxide is 
capable of being deformed plastically as suggested by them. It 
is concluded that the mechanism put forward by Cathcart ct. al.• 
to explain the formation of blister like cracks could also be 
explained by the crystallization of an amorphous oxide at the metal/ 
oxide interface and the consequent pushing up and cracking of the 
overlying r.i amorphous oxide. This mechanism can explain, therefore, 
both the transition in the oxidation rates during high temperature 
oxidation of niobium and the plateau formation during anodic 
oxidation.
This conclusion appears to have been confirmed recently 
by the work of Earvey (60) who has shown from electron diffraction 
studies of thermal oxide films on niobium that the oxide is amorphous 
when protective but is crystalline when non-protective indicating 
that film rupture is due to crystallization. Further, he found 
that only traces of crystalline oxide were present on the surface 
of a specimen heated to the transition range (400°c) but after the
169
surface oxide layer had been removed by abrading lightly it gave a
strong pattern due to crystalline oxide indicating that crystallization
was more complete beneath the immediate surface layer; this suggests
the crystallization commences at the metal/oxide interface. This
is in accord with the theory suggested in the present work that
during the anodic oxidation of niobium the transition from a
protective to a non-protective film results from the initial formation
of crystals at the oxide/metal interface.
Cathcart considered from the fact that the platinum
marker was found at the oxide/gas interface after oxidising for 4h
at 450°G, that the oxide growth was by anion diffusion inwards.
This technique has been criticised by Harvey who considers that as
the conditions were such that the oxide is discontinuous the position
of the marker is not justifiable evidence for the mechanism of film
growth. Young (5-5) from a study of barrier films formed on niobium
during anodic oxidation concluded that his results could be best
5 +explained by assuming Nb moves outward through the amorphous oxide
film. Harvey has suggested that since the mechanism of thermal
and anodic growth is similar, the thermally formed oxide films must
5be formed mainly by the diffusion of Nb ions outwards.
Harveys work on the thermal oxidation of niobium and also 
the results obtained with tantalum by Vermilyea confirm the results 
obtained during anodic oxidation of niobium in the present work; 
i.e. cracking of the oxide is due to the stresses developed by the
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crystallization of amorphous oxide at the oxide/metal interface 
and is not due to the stresses developed from the growth of the 
oxide by anion diffusion in the oxide as suggested by Cathcart 
et. al.
On the other hand it is considered that the present 
results support Cathcart’s conclusion based on marker studies of 
film growth during high temperature oxidation, that the film 
growth occurs by inward diffusion of anions. However, the marker 
technique has definite limitations when the mechanism of growth of 
thin films is studied as it is extremely difficult to locate the
exact position of the marker.
In the present work no evidence has been obtained of the 
exact mechanism of film growth and, for example, it is not known 
whether, at low voltages where oxide is amorphous, changes in the 
chemical nature of the exide e.g. NbO or NbO to Nb 0- or whether
u 0
changes occur in the mechanism of ionic transport through the oxide
* * 5+film i.e. 0— — inwards or Nb outwards. However, it is of interest
to discuss the various possibilities in the light of the results 
obtained in the present work in conjunction with similar studies 
carried out by other workers. In particular it is necessary to 
consider (a) the significance of the change in slope of the V/t 
curves at 20-30(b) the different ionic efficiencies obtained with 
different electrolytes and (c) the effect of changes in conductivity 
and in current density on the ionic efficiency.
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Considering first the change in the slope of V/t curve at 
20-30V as the oxide film was amoprhous no evidence could be obtained 
as to its chemical nature. The change of slope, with consequent 
decrease in efficiency, may result from a change in the chemical 
nature of the oxide film and this could be associated with a change 
in the mechanism of film growth.
In the theory proposed by Mott film growth on aluminium is
assumed to arise from the movement of metallic ions, under the
influence of the field, from metal through the oxide film to the
oxide/electrolyte interface. Cation migration appears to be the sole
species concerned in the anodic oxidation of aluminium (61). Young
considers from kinetic studies of the oxidation of niobium that film
growth of NbgO^  u^e cations migrating outwards; this is reason-
able owing to the small size of the Nb (0.70A ) compared to the size
of the 0"*“ (1,36A°). It is possible that although cation migration
is the mechanism of film growth below 20-30V, at higher voltages
O’"" migrating inwards may become the predominating process. A
transformation in the nature of the oxide and in mechanism of film
growth at 20-30V may account for the changes in the slope of V/t
curve as if no change occured the curve should show no discontinuity
i.e. for a homogeneous dielectric if i is constant i should be
constant and should be constant,
i
It is apparent from the present work that the slope of the 
V/t curve and the ionic efficiency varies with nature of the 
electrolyte, its conductivity, temperature and the apparent current 
density applied. Little experimental evidence or thought has been
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devoted tc the relationship between the electrolyte and the nature 
of film formed. For example Charlesby has found that uranium can be 
anodised only in ammoniacal ethylene glycol but provides no explana­
tion as tc why no other electrolyte will produce anodic films on 
this metal. It is evident from the present work that no precise 
explanation of all the effects observed can be given at this stage 
and further work is necessary but it may be possible that with 
electrolytes of low conductivity e.g. acetic acid, the high ionic 
efficiency may be due to oxygen ions readily migrating inwards above 
20-30V.
The possible conduction processes which may occur with the 
oxide are (a) ionic migration by 0 (b) ionic migration by Nb^+
and (c) electronic migration, where (a) and (b) will result in film 
growth whereas (c) will give rise to an alternative electrolyte 
process. In electrolytes of high conductivity the ionic efficiency 
is low compared to electrolytes of low conductivity. High efficiencies 
have been obtained with weak acids such as acetic acid snd boric 
acid whereas with similar concentrations of sulphuric acid the 
conduction through the oxide is mainly by electrons. However, 
high efficiencies can be obtained with sulphuric acid providing the 
concentration is reduced sufficiently to decrease the conductivity 
to a value which corresponds with that obtained with higher concen­
trations of acetic acid. Alternatively, higher efficiencies can be 
obtained with high concentrations of sulphuric acid (and other 
strong electrolytes e.g. HC1, NaCl, Na.OH etc) if the current density 
is increased.
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These results suggest that at a given current density
*
and temperature the dominant factor in determining film growth is
the electrical conductivity of the electrolyte. Below 20-30V oxide
film growth, as judged by the rate of rise of voltage with time, is
practically uniform for all electrolytes studied. This suggest
that up to 20-30V film growth is, in all electrolytes, due to the 
5+migration of Nb outwards but at and above this voltage range, it 
is possible that a change in the chemical composition together with
a change in the mechanism of transport of ions occurs i.e. change
5+ . _from Nb passing outwards to 0 migrating inwards. Although
it is difficult to see how any change in the nature of the electrolyte
5 "fr*can affect the outwards migrationof Nb it is possible that these 
changes could affect the inward migration of 0 .
In order tc explain the effect of conductivity of the 
solution on the ionic efficiency of the anodic process, the follow­
ing arguments are considered.
(a) Since a decrease in the conductivity to a value corresponding to 
that of 1M acetic acid or alternatively an increase in current 
density is found to increase the ionic efficiency, it would appear 
that above 20-30V the rate of migration of 0 inwards may depend 
on the IR drop across the electrolyte which is determined from 
the conductivity of the solution and the current density used.
However, this suggestion fails to explain a marked decrease in ionic 
efficiency observed with very dilute solutions of sulphuric acid 
(lO~4N strength, conductivity 0.025 m mho) which has a higher IR 
drop across the electrolyte than that expected with 1M acetic acid .
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(b) If the oxide surface is not homogeneous it is possible that 
there may be localised physical features at which oxide growth is 
partially inhibited e.g. impurity centres or even cracks in the 
oxide layer. In any electrolyte, once the film starts to grow 
non-uniformly, there would be redistribution cf current so as to keep 
the voltage drop across the film substantially constant.
Under these conditions, with an electrolyte of high conductivity 
where the IR drop through the electrolyte is small compared tc the 
film voltage, the current lines will tend to concentrate on any 
area of tht film having a discontinuity or more highly conducting 
impurity than the rest of the oxide. In extreme case almost all the 
current could be diverted to these areas resulting in a very high 
current density and oxygen evolution at these areas with consequent 
decrease in the overall ionic efficiency. Shreir (62) has shown 
that a micro-electrode of platinum embedded to a tantalum surface 
will prevent film growth in highly conducting electrolytes resulting 
in a thin uniform film of oxide cn tantalum surface (first order 
blue). If the conductivity of the electrolyte is low the IR drop 
between the cathode and the anode v/ill be comparable with the IR 
drop through the oxide and owing to the uneven current distribution 
the current density will be greater at the areas of tantalum 
remote from the platinum micro electrode. Under these circumstances 
a wedge of oxide is produced which increases in thickness as the 
distance from the platinum increases. It is apparent that the presence 
of platinum decreases the ionic efficiency of oxide formation and
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this effect, in an electrolyte of low conductivity varies over the 
tantalum surface and is greatest in the immediate vicinity of the 
platinum.
Although direct evidence of discontinuities at 20-30V 
cannot be provided there is no reason to preclude their presence and 
it is possible that the change in the slope of the V/t curve at 
this voltage is the first manifestation of their formation. A crack 
in the oxide film might be regarded in a similar way to platinum 
as owing tc the reduced thickness of the oxide layer at this point 
the resistance will be less than the continuous part of the oxide.
In addition, the IR drop of the electrolyte within the crack will 
be a function of the resistance of the electrolyte.
In electrolytes of high resistance the current distribution 
will thus tend to be uniform even though the oxide surface possesses 
discontinuities so that the overall efficiency will,remain high.
The weakness of this argument is that it presupposes that 
a high current density will necessarily cause a decrease in the' 
ionic efficiency which is contrary to the results obtained in the 
present work (Table 4.5*2) and those obtained by Charlesby during 
the anodic oxidation of zirconium (.54). However, it is likely at 
the very high current densities prevailing at discontinuities.
It seems therefore, that the phenomenon occuring at the 
oxide/electrolyte interface is highly complex and no satisfactory 
explanation could be put forward to explain the influence of nature 
of the electrolyte on the ionic efficiency.
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The suggested mechanism of inward migration of oxygen 
ions is favoured by the apparent formation of crystalline oxide at 
the oxide/metal interface. Earlier it was suggested that the change 
in slope at 2C-30V is possibly due to a change in the chemical 
composition of the oxide from a lower (NbO or NbO ) to a higher oxide
Ci
(^bgOj.), and that the lower oxides may be formed by cations migrat­
ing outwards while the higher oxide (Nb^Op.) is formed by the 
diffusion of oxygen ions inwards. The growth of lower oxides by 
cation migration has been observed during the high temperature
oxidation of iron (63,64) using platinum marker techniques and
2 +it has been concluded that while FeO grows by diffusion of Fe
2 -ions, Fe^O grows largely and Feo0_ entirely by diffusion of 0 ions,
u 4t & Q
Cathcart et al also suggested from the platinum marker experiment 
that the oxide growth on niobium during thermal oxidation 
proceeds predominantly by the inward migration of 0 • Since
it has been shown in the present work that the mechanism of the 
anodic oxide growth on niobium is similar to that found 
in thermal oxidation, it is considered that above 20-50V the 
oxide probably grows mainly by diffusion of oxygen ions through the 
oxide•
Theoretically diffusion of oxygen ions (aniens) above
20-30V can occur by two mechnisms, either by anion holes (defects)
in the Nb„Oc lattice or by interstitial anions through the lattice.
2 5
Because the ionic radii of 0^ ions (l.36A°) is almost twice 
that of Nb5+ (0.70A°) it is unlikely that the former could occupy
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interstitial positions in the Nb2°5 T^tice. In view of this 
consideration it is concluded that the mechanism of anion diffusion 
is by the lattice defects or holes. This is further supported by 
the fact that Nb^ O,. is a metal-excess semi conductor (65) which 
indicates that an interstitial anion mechanism of diffusion is 
unlikely.
The oxidation of niobium above 20-30V (continuous growth 
range) may occur, therefore by anion migration through the vacancies 
in the Nb^O,. lattice, until crystallization of the amorphous 
continuous oxide occurs at the oxide/metal interface and the 
subsequent growth of the crystalline areas then causes cracking of 
the over lying protective continuous oxide. Further growth is then 
considered to occur by rapid diffusion of oxygen ions through the 
cracks.
It is concluded that the mechanism of formation of 
oxide film on niobium is similar in anodic and thermal oxidation, 
as in both cases film growth results in discontinuities in the oxide 
so that oxidation continues linearly. In anodic oxidation involv­
ing homogeneous oxide films the film grows only to a limiting thick­
ness and then practically ceases to grow owing to film breakdown or 
to an alternative electrode process i.e. gas evolution.
It is apparent from the present work that the nature and 
mechanism of formation of the thick discontinuous oxide film formed 
on niobium during anodic oxidation are quite different from those 
formed on aluminium. With boric acid, borax, sodium sulphate the
aluminium forms thin homogeneous dielectric oxides where as in 
corrosive electrolytes e.g. sulphuric acid, chromic acid etc, 
although a thin dielectric film forms at the metal surface the 
outer oxide consists of a hexagonal cell structure in which each cell 
is permeated by pore. The mechanism of formation of this composite 
film is not clearly understood although it would appear that the 
porous part of the oxide results from film growth and simultaneous 
film dissolution. These films continue to thicken linearly with 
passage of charge at constant voltage although a limiting thickness 
is reached where the rate of film growth and film dissolution beccme-s 
equal.
In niobium, where almost all the electrolytes, including 
boric acid and ether non-corrosive electrolytes produce thick dis­
continuous films, the current appears to reach the anode through the 
discontinuities in the oxide produced by the crystallization of the 
amorphous oxide at the oxide/metal interface.
It would appear, therefore, that with aluminium which has 
an oxide which is readily attacked by corrosive solutions during 
anodising, the formation of thick discontinuous films may be achieved 
by the passage of current through the pores which are developed in 
the oxide by the chemical attack by the solution during anodising. 
Whereas, metals which form refractory oxides may form discontinuous 
films by^nentirely ea different mechanism. In niobium and tantalum 
it seems that the crystallization of the amorphous oxide at the 
oxide/metal interface leads to the formation of discontinuities in
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the oxide surface and the continued passage of current through 
the discontinuities in the oxide produces thick non-protective 
oxide films.
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Appendix
In the determination of the film thickness per volt (2/v) by a 
gravimetric method, it was assumed that the oxide formed is 
and that the density of the oxide is the same as that of the bulk 
oxide i.e. 4*5> and by taking the surface area of the specimen to 
be equal to the apparent area, the approximate thickness of the 
oxide film in Angstrom Units was determined by multiplying a weight 
gain in g/cm by a factor (determined from the density and molecular- 
weight of Nb^ O^ ) of 73*6 . Gulbransen and andrew during the study of 
the thermal oxidation of niobium (39) deduced a factor of 67.2 using 
the same density (4*5). On communication with these workers regarding 
the discrepancy in the value of the factor determined from the same 
density, it was pointed out that there was a printing error in the 
value of the density used by them. According to these workers the 
density of Nb^ O^  used by them was 4*95 and this value on calculation 
gave a factor of 67.2 .
Since, in the present work the value of the film thickness 
per volt ( A°/V ) obtained by gravimetric and capacitance measurement 
at 25°C were almost the same it would appear that the value of the 
density used by these workers was too high. The. density of the bulk 
oxide ( NbgOfj ) determined by Holtzberg et al is about 4-5 (49).
( R e p r i n t e d  j r o m  N a t u r e ,  V o l . 188, N o . 4744, p p . 49-50, 
O c t o b e r 1, 1960)
Crystallization of Amorphous Niobium 
Oxide during Anodic Oxidation
S t u d i e s  of the anodic oxidation of metals such as 
tantalum, niobium, zirconium and titanium have 
been confined, in general, to temperatures of 25° C. 
where the thin films formed can be regarded as 
homogeneous dielectrics and the relationship between
V  — t, 1/(7 — V  and 1/(7 —  t is reotilinear.
During a study of the anodic oxidation of niobium
in a variety of electrolytes (acetic, formic, phos­
phoric, oxalic, chloracetic, boric acids, etc., sodium 
chloride, strong acids and bases) it has been observed 
that temperature and current density have a marked 
influence on the anodizing characteristics. The 
results are illustrated in Figs. 1, 2 and 3, which show 
the voltage-time, weight gain-time and voltage - 
reciprocal capacity relationships respectively for 
niobium anodized in 1 M  acetic acid at a constant 
current density of 1 m.amp./cm.2 at various tempera­
tures.
At 25° C. the V  —  t curve is rectilinear up to 
~190 V . and oxidation proceeds with the formation of 
interference films, but at higher temperatures the
V  —  t curve is characterized by a plateau, and it is
2 4 0
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Fig. 1. Anodic oxidation of niobium in 1 M  acetic acid at a 
constant current density of 1 m.amp./cm.8. Voltage-time relation­
ship at various temperatures showing plateau formation at 
temperatures greater than 50“ C.
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Fig. 2. Anodic oxidation of niobium in 1 M  acetic acid at a 
constant current density of 1 m.amp./cm.-. Weight gain ( A H') -  
time relationship at various temperatures
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Fig. 3. Anodic oxidation of niobium in 1 M  acetic acid at a 
constant current density of 1 m.amp./cm.2. Reciprocal capacity- 
time and voltage-reciprocal capacity relationship at 25° C. and 
90° C. showing corresponding changes in the slope to those in 
Fig. 1
evident that the higher the temperature the lower the 
voltage at which the plateau occurs. Fig. 2 shows 
that at 90° C. there is a sudden increase in the A W  —  t 
curve which corresponds with the charge required 
for plateau formation. Similar discontinuities are 
evident in the V — I/O and 1/C — t curves (Fig. 3).
s '
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Fig. 4. Electron micrographs a, b and c correspond to points A, B  and G (Fig. 1) and 
show the initial cracking of the him and subsequent appearance at the surface o f the
crystalline oxide. Magnification, a and c x 4,250, b x  6,500
A  similar plateau has been observed with the other 
electrolytes studied, under appropriate conditions of 
concentration, temperature and current density.
Electron diffraction studies of films formed at 
various voltages at 25° C. and 90° C. have shown that 
at the lower temperature the oxide surface remains 
amorphous, but at 90° C., although the oxide gives 
diffuse haloes of N b 20 5 below the plateau, at and 
above the plateau the structure corresponds to 
crystalline N b 20 B.
Figs. 4a, b and c show electron micrographs 
obtained at points A, B  and C  (Fig. 1) and reveal the 
initiation of cracks in the surface at the plateau and 
the subsequent projection of crystals of N b 20 5 
through the overlying amorphous surface layer. At 
25° C., although similar cracks (similar to Fig. 4a) 
appeared at the surface at ~190 V., there was no 
visible evidence of crystallization even after pro­
longed passage of charge.
From the present work it is evident that initially 
the oxide surface is continuous and amorphous and 
that the arrest in the rise in voltage, that is, the 
plateau, is associated with the formation of dis­
continuities in the oxide which are caused by crystal­
lization of the amorphous oxide.
Cathcart et al.x have found that during the high- 
temperature oxidation of niobium at 350-500° C. the 
growth law is initially parabolic, but, at a critical 
thickness which depends on temperature and time, 
becomes linear owing to cracking of the oxide. From 
marker experiments they conclude that film growth 
is due to anion migration through the oxide and that 
cracking results from the stresses which arise from the 
formation of the oxide at the metal/metal oxide 
interface.
Vermilyea2 has described the phenomenon of field
crystallization where anodically formed amorphous 
Ta20 B has been shown to crystallize in the presence 
of a strong electric field and considers that rupture 
of the amorphous oxide is due to this crystallization 
which occurs within the amorphous oxide. The 
similarity of the photomicrographs (Fig. 4) to those 
obtained by Vermilyea for tantalum indicates that 
the phenomenon observed in the present work is due 
to field crystallization and that a similar mechanism 
is applicable.
Recent electron diffraction studies of thermal 
oxide films on niobium3 have shown that the oxide 
is amorphous when protective but is crystalline when 
non-protective, indicating that film rupture is due to 
crystallization.
It is apparent from the present work that there are 
many similarities in the behaviour of niobium during 
anodic and thermal oxidation, as in both eases film 
thickening results in discontinuities in the oxide so 
that oxidation continues linearly. It should be 
observed that a protective oxide from the point of 
view of anodic oxidation is one where film growth 
proceeds to only a limiting thickness and then 
practically ceases owing to an alternative electrode 
process, that is, gas evolution. Fig. 2 shows that 
film growth of the anodic oxide continues owing to 
crystallization and consequent film rupture so that 
the oxide cannot be regarded as truly protective.
It is possible, therefore, that a similar mechanism 
occurs during the thermal oxidation of niobium and 
that crystallization of the amorphous oxide, rather 
than oxide formation at the metal/metal oxide 
interface as postulated by Cathcart et al., is the main 
cause of the stresses which result in discontinuities 
in the oxide and a linear growth law.
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